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Abstract. Kudzu, Pueraria montana var. lobata (Willd.), is a common invasive species
throughout the American South. In southern upland mixed oak-pine forests of Mississippi, kudzu
invasion generally and indiscriminately suppressed the pre-invasion plant community. Three different
control methods reduced kudzu density but differed in the level of reduction achieved and in their effects
on the pre-existing plant community. A combination of burning and herbicides produced the most
desirable outcome in terms of restoring the pre-invasion community. Kudzu invasion significantly
increased nitrate pools compared to control sites, but had no effect on ammonium or nitrite, or on the
microbial processes of mineralization or nitrification. Nitrogen ions and microbial activity differed little
among infested, control and kudzu removal sites, but did exhibit variation over time. The effects of
kudzu on nitrogen cycling were largely transient, suggesting that its impact on native plant communities
is mainly due to light competition. An economic analysis of kudzu control methods revealed that life
history largely determines the level of control attainable, but that either prescribed burning or herbicide
treatment may effectively control slow-growing populations. This analysis compares the relative
importance of mechanisms through which kudzu affects native communities, methods for its control, and
cost-benefit analysis useful for evaluating methods for active management.
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Introduction. Invasive species are widely acknowledged to be a major factor in loss of
biodiversity worldwide (Vitousek et al. 1997, Vila et al. 2011, Pimentel et al. 2000, 2005, Pysek et al.
2010). Invasive plant species have been well-documented to have strong negative impacts on native plant
communities through a variety of mechanisms (Vila et al. 2011). Oriental bittersweet (Celastrus
orbiculatus) outcompetes native vegetation and prevents new vegetation from growing through shading
and overcrowding (McNab and Loftis 2002). Some invasive species such as Cheatgrass (Bromus
trectorum L.), affect the diversity and abundance of native species by altering fire regimes, promoting an
alternative community stable state in which many native species cannot persist (Knapp 1996). Other
invasive plant species change soil nutrient cycles (Vitousek et al. 1997, Vitousek and Walker 1989) or
alter soil microbe communities through allelopathy (Chen et al. 2009). Despite the large number of
studies of invasive plants, significant gaps remain in our understanding of their effects and the
mechanisms by which they can alter native plant communities. A particular plant may have a variety of
effects on native communities (e.g., both increased shading and altered nutrient cycling) but most studies
to date have focused on a single mechanism, ignoring potential synergistic or compensatory
effects. Although most invasive species do not have similarly compensatory effects, focusing on a single
mechanism through which they affect native communities may lead to erroneous conclusions about their
impact and strategies for restoration.
One of the more common invaders of the southeast United States is kudzu, Pueraria montana var.
lobato (P. montana). P. montana is a semi-woody, perennial climbing vine that allocates the majority of
its resources to below-ground structures and stem growth, allowing it to persist in adverse environmental
conditions once established. Native to east Asia, P. montana was first introduced into the United States in
1876 during the Centennial International Exposition in Philadelphia (Yang et al. 2014) and then again
later in New Orleans Exposition in 1883 (Forseth and Innis 2004). The original use of the vine was as an
ornamental due to the aesthetic appeal of its broad leaves and subtle purple flowers. The vine’s leaves are
alternate trifoliate with slightly lobed leaflets (Gleason and Cronquist 1991). The flowers of P.
montana develop primarily in the late summer and early fall and appear arranged as a raceme (Gleason
and Cronquist 1991). The appeal of the vine grew in the southern United States as it was marked as a
shade providing plant. Seeds were available through mail and were planted all over the south United
States in the early 1900’s (Forseth and Innis 2004). P. montana was planted in agricultural fields during
the Great Depression to prevent erosion (Lindgren et al. 2013), feed livestock, and most importantly, renitrify soil on unproductive or abandoned agricultural land (Lindgren et al. 2013). From 1934 to 1945 the
vine spread from roughly 4,000 ha to 200,000 ha across the Southeastern United States (Lindgren et al.
2013) with individual plants spreading at a rate of 10 to 30 m per year (Yang et al. 2014). By 1946, 1.2
million ha in the United States was covered by P. montana (Forseth and Innis 2004). It was not until the
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1950’s that it was recognized as an invasive species (Lindgren et al. 2013), and in 1998 it was put on the
Federal Noxious Weeds list (Britton et al. 2002).
Studies have predicted P. montana, spreading at 50,000 ha/year (Hickman et al. 2010). P.
montana’s physiology makes it a dominate competitor in the areas it invades. The vine allocates its
resources to its leaves, expanding the area, and in turn, increasing the leaves photosynthetic rate (Forseth
and Innis 2004). P. montana focuses resources to the roots where frequent nodding occurs (Forseth and
Innis 2004), creating brand new plants (McClain et al. 2006). Roots of P. montana grow from one single
root crown deep in the soil which can propel new roots in all directions (McClain et al. 2006). The intense
competitor is able to promote so many of its resource to growth structures rather than support structures
because it relays on native woody species to support its weight. The resources P. montana saves by
smothering native species while competing for canopy light is attributed to the fast growth rate of the
invasive vine (Forseth and Innis 2004). A single stem of P. montana can grow 18m in one growing season
(McClain et al. 2006).
P. montana has a thick canopy during the growing season and maintains a dense mass of branches
in the winter season, which effectively excludes native plants from access to sunlight. P. montana may
also limit access to soil nutrients and water through its extensive root system (Lindgren et al.
2013). Although research has documented the effects of shading by P. montana on native plants, little
research has addressed its role as a nitrogen fixer, which may provide an alternative route through which it
alters plant communities (Forseth and Innis 2004). Nitrogen fixing legume weeds continue to cause
problems for native species. Nitrogen fixers are able to deplete the abundance of rhizobium (Ehrenfeld
2003), and increases ammonium levels, indirectly increasing the net nitrification of invaded sites and, in
turn, creating excess the nitrate- pools (Hickman and Lerdau 2013). Studies have shown that kudzu may
contribute to atmospheric nitrogen enrichment (Hickman et al. 2010) but comparable insights into its
effect on soil nitrogen and the persistence of such effects are currently lacking. Kudzu has been shown to
cause only small increases in soil nitrate pools in mid-Atlantic states (Hickman and Lerdau 2013) but it is
unknown if this pattern is consistent across different soils and climates or if it has greater impacts on soil
nitrogen pools in other geographical areas.
Due to the mechanism at which kudzu spreads, it is costly to control. The combined cost of kudzu
through losses to economic activity and control measures in the U.S. forestry, railroads, agriculture, and
power line industries likely exceed $1 billion per year (Lindgren et al. 2013). Kudzu can be grazed and/ or
cut yearly to eliminate populations, however, there is a chance the efforts could be wasted if over grazing
occurs and/or grazing occurs at incorrect times (Forseth and Innis 2004). Although, kudzu could be
potentially eradicated with the use of herbicides, the cost could be too great. Eradication through
herbicides can work if there are repeated applications every year, however the older populations can take
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up to twice as much herbicide to eliminate a population (Lindgren et al. 2013). Control of kudzu is
possible if the funding is available and active management strategies are placed.
I studied kudzu in Holly Springs NF, a large tract of upland mixed oak-pine forest in
Mississippi. This community covers millions of hectares in central and northern MS, AL, GA, and TN. A
large portion of the forest is covered in an active kudzu infestation. The portion of forest measured in this
study has had kudzu present dating back to has early as the 1990’s, however, the exact date of introduction
is unknown. In our study, we focused on the 2 units of Holly Springs NF located in Benton, Marshall, and
Yalobusha counties in central Mississippi. The forest profits mainly from lumber production sales by
harvesting Loblolly pines (Pinus taeda L.). The population of kudzu in HSNF does not produce seeds and
therefore only spreads from root crowns (Yang et al. 2014). It is found along roadsides, railroad tracks,
climbing woody vegetation, and open canopy areas of the forest.
In chapter 1, we ask how kudzu invasion affects understory and woody plant communities. We
approached this by observing 1 by 1m plots of understory vegetation and 10 by 10m plots of woody
vegetation in infested sites and control sites. We measured the species richness, coverage, and density of
the plots. We were able to determine the effect of kudzu by determining which species were present in the
control versus the infested sites. We were also able to see if kudzu favors specific vegetation types, such
as, shrub, grass, or vine. Lastly, by measuring the different species found in each site, we determined
whether or not native species classified as shade tolerant were able to survive an infestation.
In chapter 2, we compare the efficacy and impact of common kudzu control treatments. We
studied 15 sites on which kudzu removal had been attempted by prescribed burning, herbicide application,
or a combination of the two. While using the same infested and control sites from chapter 1, we again
compared the species richness, coverage, and density of the plots now with the added removal sites. This
allowed us to determine if any of the control treatments helped restore the native vegetation, using the
control sites as a bases. We also were able to determine which control treatment resulted in reduced kudzu
cover.
In chapter 3, I examined how kudzu affects the nitrogen cycle. I studied inorganic ion pools of
nitrate, nitrite, and ammonium. I also studied microbial processes (net N Mineralization and net
nitrification) regulating transitions in the nitrogen cycle. Soil samples were taken for the same sites set up
in chapters 1 and 2. The samples were processed with a KCl solution to obtain readings in the
spectrophotometer. The ion levels and microbial process were compared between the infested, control and
removal sites. We determined the effect kudzu, as a nitrogen fixer, has on the nitrogen content. As well as,
determining if any control treatments used on the sites have lingering effects on the nitrogen cycle.
Lastly, in chapter 4, I modeled the economics of Kudzu control using a kudzu specific program
through NetLogo. I investigated the efficacy and cost of prescribed burning and herbicide treatment to

3

identify strategies that produced desirable outcomes while estimating the costs. The model used land-use
data of Holly Springs NF. I set the location of the sites of original kudzu infestation to match those used
in the first three chapters. After establishing the infestation, I modeled the use of either herbicide or
prescribed burn at different repetition intervals while calculating the overall costs of each management
strategies after 25 years. The different scenarios ran by the model will give managers an idea of the most
optimal strategy for kudzu management for their goals.
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Chapter 1: Plant community responses to kudzu (Pueraria montana) invasion in a southern upland
forest.

Abstract. Kudzu [Pueraria montana var. lobata (Willd.)] has long been regarded as one of the
most destructive invasive species in temperate forests. Despite this, little is known about the specific
impacts of kudzu on native plant communities. In this study we compared plant communities of forest
sites in Mississippi infested with kudzu to those in uninvaded sites and asked if kudzu generally
suppresses the plant community or has unequal effects on species differing in weediness, shade tolerance
or growth form. At each site we determined species richness, percent cover of understory species, density
of large trees, saplings and seedlings, and species composition of sample plots. Kudzu invaded sites had
lower species richness, understory cover, and density of woody species than control sites. Species
persisting in kudzu-invaded sites were a subset of species found in control sites, and persistence was
unrelated to growth form, weediness, or shade tolerance. These effects were generally consistent with
competition for light, but possible effects of nitrogen fixation by kudzu require additional study.
Keywords. Community effects, Invasive species, Understory composition
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Introduction. Invasive vines are a particularly serious threat to the integrity of forest systems.
Vines and lianas may be both persistent and opportunistic, commonly exhibiting shade tolerance (Putz
1984; Baars and Kelly 1996; Schnitzer and Bongers 2002; Valladares et al. 2011) as well as rapid growth
in response to high light levels (Schnitzer and Bongers 2002). Vines may suppress growth and
productivity of canopy trees through overgrowth and competition for light (Putz 1984; Forseth and Innis
2004; Tobin et al. 2012; French et al. 2017), but also significantly inhibit growth of understory plants by
competing for nutrients and water (Estrada-Villegas and Schnitzer 2018) Although most often associated
with tropical forests, abundance and biomass of vines and lianas is increasing in temperate forests in part
due to climate change (Londre and Schnitzer 2006). Detrimental effects of temperate vines on native plant
communities have been documented for several species, including oriental bittersweet (Celastrus
orbiculatus Thunb.) (McNab and Loftis 2002) and Tatarian honeysuckle (Lonicera tatarica L.) (Woods
1993).
Kudzu (Pueraria montana (Lour.) Merr. var. lobata (Willd.)) is a semi-woody, perennial
climbing vine widely naturalized throughout warm temperate forests of eastern North America from
Florida to Massachusetts (EDDMapS 2021). It was first introduced into the United States in 1876 during
the Centennial International Exposition in Philadelphia (Yang et al. 2014). The original use of the vine
was as an ornamental due to the aesthetic appeal of its broad leaves and subtle purple flowers. Due to its
nitrogen fixing capacity, kudzu was also planted in agricultural fields during the Great Depression to
prevent erosion (Lindgren et al. 2013), feed livestock, and re-nitrify soil on unproductive or abandoned
agricultural land (Lindgren et al. 2013). From 1934 to 1945 kudzu coverage increased from roughly
4,000 ha to 200,000 ha across the Southeastern United States (Lindgren et al. 2013) with individual plants
spreading at a rate of 10 to 30 m per year (Yang et al. 2014). It was designated as an invasive species in
the 1950’s (Lindgren et al. 2013), and in 1998 it was put on the Federal Noxious Weeds list (Britton and
Orr. 2002). Studies have estimated that kudzu is currently spreading at 50,000 ha/year (Hickman et al.
2010) and has invaded parts of the Pacific Northwest and the East coast (EDDMapS 2021).
Kudzu is notorious for overgrowing even large canopy trees throughout the American South and
casts dense shade, suppressing the herb and shrub layer and inhibiting natural regeneration (Forseth and
Innis 2004; Lindgren et al. 2013). It is unusual among temperate lianas because in addition to
overgrowing and shading native vegetation, it is a prolific nitrogen fixer. Altered soil nutrient cycling is
known to alter plant community composition and may promote increased dominance of weedy or invasive
species (Maron and Conners 1996; Blackshaw et al., 2003; Von Holle et al. 2006). Kudzu has primarily
been studied in the context of management programs in agriculture and managed forestry (Forseth and
Innis 2004; Lindgren et al. 2013), and little or no quantitative information is available on its specific
effects on biodiversity in forest ecosystems. Forseth and Innes (2004) found no quantitative studies on
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specific effects of kudzu on species composition of natural communities, and a further search of the
literature since their paper revealed no new studies addressing the impacts of kudzu on plant diversity.
This gap in knowledge is remarkable given the frequency with which kudzu is identified as a management
problem and leaves open the question of whether the impacts of kudzu on native plant communities are
widespread and general, or disproportionately affect specific plant taxa, functional groups (e.g, weedy
species) or growth forms.
In this study we assessed the effect of kudzu on the community diversity of a managed forest in
Mississippi. We compared the diversity and relative abundance of native plant species on invaded and
control sites in order to determine if kudzu has consistently detrimental effects on native plants or
disproportionately suppresses or facilitates some taxa or growth forms. Invasive plants have been shown
to facilitate further change in community composition favoring native weeds and alien invasive species
(Simberloff and Von Holle 1999, Weltzin et al. 2003, Shen et al. 2015), and may even alter the balance
between woody and non-woody species (Alofs and Fowler, 2010). We hypothesized that species richness
and abundance of native herbaceous and woody vegetation would be generally and indiscriminately
reduced in sites invaded by kudzu compared to uninvaded control sites.

Materials and Methods. STUDY SITE. The study was conducted on the Holly Springs National
Forest in Benton, Marshall, and Yalobusha counties in central Mississippi. The original date of
introduction of kudzu to this area is unknown, but management has been attempted since at least 1980 in
some locations of the forest (L. Walton, personal communication). The forest is dominated by Loblolly
pine (Pinus taeda L.) plantations and managed for industrial forestry. Area not currently in plantation
forestry had vegetation typical of southern mixed oak-pine forest, along with elements of bottomland
flora in areas adjacent to watercourses.
We characterized the vegetation on 3 sites currently infested with kudzu that had never received
any control treatment and 4 control sites never infested with kudzu. Control areas chosen for study were
not planted in P. taeda plantation forestry and had an overstory typical of upland mixed pine-oak forest,
characterized by Acer negundo L., Acer saccharinum L., Betula nigra L., P. taeda, Quercus alba L., and
Quercus lyrata Walt. Heavy kudzu infestations were only found adjacent to roads, and to avoid
confounding effects of distance we sampled control sites within 30 m of roads on at least one side. A
mixture of plots were located within 20m of streams or ponds. Plots had varying elevations and were at
time located along sloped terrain. There were no significant differences between canopy cover and plot
(p<0.05). The variance between plot locations and abiotic factors had little to no effect on the measures of
this study (Figure 1.1).
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Figure 1.1. Map of Holly Springs National Forest with four control sites and three infested sites established in both units of the forest.
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UNDERSTORY VEGETATION. We quantified the occurrence and cover of herbs, grasses,
vines, and shrubs on infested and control sites in 2017, 2018 and 2019. Species richness was
measured in three 1 m2 quadrats three times per site per growing season, in May, July and
September to capture seasonal dynamics. At each plot, a marker was haphazardly thrown from
the perimeter and used to establish the corner of a quadrat using a PVC pipe frame. A digital
photograph was taken of the vegetation within the quadrat using an Android phone with a 12megapixel camera. Samples of all plants were collected from within each quadrat and placed in
a plant press for later identification. Percent cover of each species within a quadrat was
calculated from each photograph using the area function in Image J version 1.46r
(https://imagej.nih.gov/). We classified understory species according to growth form, shade
tolerance and weediness using information on the USDA Plants website (USDA 2021). Species
for which no information on shade tolerance was available were classified using information on
the Missouri Botanical Garden Plant Finder website where possible (Missouri Botanical Garden
2021).
WOODY VEGETATION. Woody vegetation was surveyed on the study sites during May 2019. At
each site we established three 10 x 10 m2 plots in which the density and identity of all tree stems were
recorded. Because kudzu overgrowth may differentially affect trees by height we tallied large trees,
saplings, and seedlings separately. We classified large trees as those > 10 cm in DBH. Saplings were
defined as stems > 1m in height with a DBH <10 cm and seedlings were defined as < 1m in height.
Species richness was calculated separately for large trees, saplings, and seedlings as the total number of
species present in each sample quadrat. Species were classified according to shade tolerance using Burns
and Honkola (1990a; 1990b).

STATISTICAL ANALYSIS. For understory species we compared the frequencies of shade-tolerant
vs. intolerant species, weedy vs. nonweedy species, and growth forms (herb, graminoid, vine) in control
and infested sites by calculating Pearson’s chi square using the chisq.test function in the base R package
(R Core Team 2018). Species richness and cover of understory species on control and infested sites from
2017, 2018 and 2019 were compared by Generalized Linear Models (GLM) using the R version 3.5.0
package lmer4 version 1.1-21. A Generalized Linear Model (GLM) using the R package lmer4 was used
to compare seedling and sapling richness and density on control and infested sites during 2019.
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Results. UNDERSTORY VEGETATION. No kudzu was found on any of the four control sites, while
cover on the three infested sites averaged 96.9 ± 7.7%. We found 39 understory species in control sites,
while 13 species were found in infested sites (Table 1.1). Only one understory species, Toxicodendron
pubescens, grew primarily as a shrub; all other species were classified as either herb, graminoid, or vine
(Table 1.1). All understory species found in infested sites were also found in control sites. A high
proportion of understory species were classified as weedy in the literature. Of 37 species in control sites
for which information was available, 17 were classified as native weedy species and 13 as introduced
weeds, while 7 of 13 species in kudzu infested sites were classified as native weeds and 4 as introduced
weeds (Table 1.1). Control and kudzu infested sites did not differ significantly in their proportions of
native non-weeds, native weeds, and introduced weeds (χ2 = 1.11, d.f. = 2; P = 0.63). Of the species
found in control sites, 18 were classified as herbs, 14 as graminoids, and 6 as vines, while in kudzu
infested site, 4 species were classified as herbs, 3 as graminoids, and 5 as vines (Table 1.1). Control and
kudzu infested sites did not differ significantly in their proportions of herbs, graminoids, and vines (χ2 =
3.56, d.f. = 2, P = 0.17). Clear information on shade tolerance was available for 34 species; 14 species in
control sites were either moderately or strongly shade-tolerant and 20 were shade-intolerant, while in
kudzu infested sites 4 were shade-tolerant and 8 were shade-intolerant (Table 1.1). Control and kudzu
infested sites did not differ significantly in their proportions of shade-tolerant and shade-intolerant species
(χ2 = 0.23, d.f. = 1; P = 0.63). Cover of individual species in 1 x 1 m plots was highly variable, and GLM
showed no significant differences in cover among treatment or year for any species except for Vitis
rotundifolia Michx., which had significantly greater cover in control sites than infested sites (F1,55 = 23.7,
P < 0.001).
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Table 1.1 Characteristics and percent cover of herbs, grasses, and vines in Holly Springs National Forest in control sites, sites invaded by Pueraria
montana. Sample size in control and infested sites is the average density measured in four control and three infested sites from 2017-2019. Origin,
weediness, growth form and shade tolerance are from the USDA Plants website (USDA 2021) unless otherwise noted.

Origin

Weedy

Growth form

Shade

Species
tolerance
Anthemis cotula L.

Introd.

Yes

Herb

No1

Blepharoneuron tricholepis (Torr.) Nash

Native

No

Graminoid

Moderate

Campsis radicans (L.) Seem. ex Bureau

Native

Yes

Vine

No

Capsella bursa-pastoris (L.) Medik.

Introd.

Yes

Herb

Moderate1

Cerastium arvense L.

Native

No

Herb

No1

Chamaesyce maculata L.

Native

Yes

Herb

No

Cynodon dactylon (L.) Pers.

Introd.

Yes

Graminoid

No

Dactylis glomerata L.

Introd.

Yes

Graminoid

Yes

Desmodium incanum DC

Introd.

Yes

Herb

No

Dichondra carolinensis Michx.

Native

No

Herb

?

Digitaria ciliaris (Retz.) Koeler

Native

Yes

Graminoid

No

Echinochloa crus-galli (L.) P. Beauv

Introd.

Yes

Graminoid

?
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Eclipta prostrata (L.) L.

Native

Yes

Herb

Moderate

Ipomoea lacunosa L

Native

Yes

Vine

No1

Lactuca serriola L.

Introd.

Yes

Herb

?

Lolium perenne L.

Introd.

No

Graminoid

No

Lolium perenne L. ssp. multiflorum (Lam.) Husnot

Introd.

Yes

Graminoid

Moderate

Medicago lupulina L.

Introd.

Yes

Herb

No

Orychophragmus violaceus (L.) Schulz.

Introd.

?

Herb

No

Panicum bulbosum Kunth.

Native

No

Graminoid

No

Panicum capillare L.

Native

Yes

Graminoid

Moderate

Panicum repens L.

Native

Yes

Graminoid

No

Parthenocissus quinquefolia (L.) Planch

Native

Yes

Vine

Moderate

Paspalum urvillei Steud.

Introd.

Yes

Graminoid

No

Polygonum aviculare L.

Introd.

Yes

Herb

?

Pteridium aquilinum Steud.

Native

Yes

Herb

Yes

Ranunculus acris L.

Native

Yes

Herb

Moderate

Richardia scabra L.

Native

Yes

Herb

?

Schedonorus arunundinaceus (Schreb.) Dumort.

Introd.

Yes

Graminoid

Moderate

Smilax rotundifolia L.

Native

Yes

Vine

No
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Sporobolus heterolepis (A. Grey) A. Grey

Native

No

Graminoid

Moderate

Taraxacum officinale F. H. Wigg.

Native

Yes

Herb

Moderate

Toxicodendron pubescens Mill.

Native

Yes

Shrub

Moderate

Toxicodendron radicans (L.) Kuntz.

Native

Yes

Vine

No

Trifolium repens L.

Introd.

Yes

Herb

No

Urochloa platyphylla (Munro ex C. Wright) R.D. Webster

Native

Yes

Graminoid

No

Verbena officinalis L.

Introd.

Yes

Herb

No

Verbesina alternifolia (L.) Britton ex Kearney

Native

No

Herb

Moderate

Vitis rotundifolia Michx.

Native

No

Vine

Moderate
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Table 1.1, continued
Percent cover
Control

Infested

(n = 12)

(n = 9)

Anthemis cotula L.

0.7 ± 4.5

—

Blepharoneuron tricholepis (Torr.) Nash

0.3 ± 1.6

—

Campsis radicans (L.) Seem. ex Bureau

0.5 ± 1.0

0.08 ± 0.4

Capsella bursa-pastoris (L.) Medik.

0.1 ± 0.2

0.1 ± 0.3

Cerastium arvense L.

0.02 ± 0.1

—

Chamaesyce maculata L.

0.1 ± 0.1

—

0.004 ± 0.1

—

Dactylis glomerata L.

0.3 ± 1.9

—

Desmodium incanum DC.

0.2 ± 0.7

—

Dichondra carolinensis Michx.

0.03 ± 0.1

—

Digitaria ciliaris (Retz.) Koeler

1.4 ± 4.1

—

Echinochloa crus-galli (L.) P. Beauv

5.5 ± 8.7

—

Eclipta prostrata (L.) L.

1.3 ± 5.5

—

Ipomoea lacunosa L

0.2 ± 0.7

0.07 ± 0.4

Species

Cynodon dactylon (L.) Pers.
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Lactuca serriola L.

0.01 ± 0.1

—

Lolium perenne L.

0.6 ± 2.3

—

Lolium perenne L. ssp. multiflorum (Lam.) Husnot

0.1 ± 0.5

0.3 ± 1.7

0.004 ± 0.02

—

Orychophragmus violaceus (L.) Schulz.

0.1 ± 0.5

0.05 ± 0.3

Panicum bulbosum Kunth.

0.4 ± 1.9

—

Panicum capillare L.

0.05 ± 0.2

—

Panicum repens L.

0.2 ± 1.2

—

Parthenocissus quinquefolia (L.) Planch

0.9 ± 1.9

0.8 ± 2.3

Paspalum urvillei Steud.

0.6 ± 2.0

0.05 ± 0.3

Polygonum aviculare L.

4.2x10-6 ± 2.5x10-5

—

0.6 ± 2.0

—

Ranunculus acris L.

0.0003 ± 0.002

—

Richardia scabra L.

0.8 ± 2.7

—

Schedonorus arunundinaceus (Schreb.) Dumort.

0.1 ± 0.5

—

Smilax rotundifolia L.

1.0 ± 1.5

—

Sporobolus heterolepis (A. Grey) A. Grey

0.004 ± 0.1

—

Taraxacum officinale F. H. Wigg.

0.009 ± 0.04

—

Medicago lupulina L.

Pteridium aquilinum Steud.
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Toxicodendron pubescens Mill.

0.1 ± 0.5

0.08 ± 0.4

Toxicodendron radicans (L.) Kuntz.

0.7 ± 1.5

1.3 ± 5.2

0.01 ± 0.04

0.05 ± 0.3

Urochloa platyphylla (Munro ex C. Wright) R.D. Webster

1.3 ± 5.5

0.09 ± 0.5

Verbena officinalis L.

0.8 ± 4.1

0.1 ± 0.6

Verbesina alternifolia (L.) Britton ex Kearney

0.01 ± 0.1

—

Vitis rotundifolia Michx.

3.1 ± 5.8

0.2 ± 0.5

Trifolium repens L.

1

: Missouri Botanical Garden (2021)

18

Understory species richness was significantly reduced in infested sites compared to control sites
(F1,55= 56.200, p <0.001) (Figure 1.2A). Richness differed significantly between seasons (F2,55 = 3.137, p
<0.001); mean species richness in spring was significantly higher than in fall, while mean richness in
summer was intermediate (Figure 1.2B). Richness differed significantly among years, with 2017 having
greater richness than 2018 or 2019 (F1,55=11.944, p <0.001) but there was no significant interaction
between treatment and year (F1,55= 0.4213, p>0.05). Finally, there was a significant interaction between
treatment and season (F2,55=6.466, P <0.01); all sites had greater richness in the spring than in summer or
fall, but this was significant only for the infested sites (Figure 1.2B).
Percent cover of understory vegetation was also significantly lower in infested than control sites
(F1,55=183.171, p <0.001) (Figure 1.2C). Cover also differed significantly among years (F1,55=9.256,
p<0.05); cover in 2018 was higher than 2017 and 2019 (Figure 1.2C). Percent cover across all sites
differed significantly among seasons, (F2,55=18.099, p<0.001), with spring having significantly lower
cover than summer and fall. There was also a significant treatment by season interaction (F2,55 =28.174,
p<0.001): infested sites exhibited significantly higher cover in the spring and summer than in fall, but no
seasonal differences in cover were detected in control sites (Figure 1.2D). Finally, there was a significant
interaction between treatment and years (F1,55= 30.5017, p<0.001). Cover in control sites increased from
2017-2019, while cover in infested sites decreased over the same time period (Figure 1.2C).
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Figure 1.2. Species richness and percent cover of understory vegetation in control and kudzu infested
sites. A. Species richness. Richness was significantly lower in infested than in control sites (P < 0.001).
B. Species richness by season. Richness was significantly higher during spring than during summer and
fall in infested but not control sites (P < 0.01). C. Percent cover. Cover was significantly lower in
infested than in control sites (p<0.001). D. Total percent cover by season. Cover was significantly lower
during spring than in summer or fall (P < 0.001). Cover was significantly greater during spring and
summer than in fall, in infested but not in control sites (P < 0.001).

WOODY VEGETATION. A total of 13 tree species were encountered during the study, of which 10
were represented in control sites by individuals >10 cm dbh, while only 3 species with individuals > 10
cm dbh were found in kudzu infested sites (Table 1.2). Saplings of 12 species occurred in control sites
while only 5 species were found in infested sites (Table 1.2). Seedlings of 9 tree species were found in
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control sites, while only 2 species occurred in infested sites (Table 1.2). All large trees, seedling species
and all but one sapling species, Robinia pseudoacacia L., found in the infested sites were also found in
control sites. Five of the 13 tree species are classified as at least moderately shade-tolerant; of these, 3
species were absent from infested plots as large trees or saplings, and all were absent as seedlings. The
remaining 8 species are classified as shade-intolerant, and of these only 1 species with individuals > 10
cm dbh occurred in infested plots; 3 species occurred in infested plots as saplings and only 2 species
occurred as seedlings. Large trees and saplings of Acer rubrum L., Liriodendron tulipifera L., and Q.
alba were found on both control and infested sites, as were saplings of Ulmus americana L. Seedlings of
Q. lyrata and U. americana were also found on both control and infested sites. T-tests comparing density
of individual species revealed that control and infested sites did not differ significantly in density for any
of the nine possible comparisons.
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Table 1.2. Density of tree species in 100 m2 sampling quadrats in control sites and sites infested by Pueraria montana.
Trees > 10 cm dbh
Species

Saplings < 10 cm dbh

Seedlings < 1 m tall

Shade tolerant

Control

Infested

Control

Infested

Control

Infested

Acer negundo L.

Mod1

6.5 ± 2.7

0

11.8 ± 6.8

0

19.7 ± 11.6

0

Acer rubrum L.

No 1

2.8 ± 2.1

2.3 ± 1.5

4.4 ± 3.1

4.0 ± 3.0

9.2 ± 5.9

0

Acer saccharinum L.

Yes1

7.0 ± 4.9

0

7.0 ± 5.0

0

6.0 ± 4.2

0

Betula lenta L.

No1

8.0 ± 5.7

0

19.0 ± 13.4

0

3.0 ± 2.1

0

Liriodendron tulipifera L.

No1

1.0 ± 0.7

3.0 ± 2.1

2.8 ± 1.7

2.5 ± 0.7

14.0 ± 9.9

0

Pinus taeda L.

No2

5.5 ± 6.4

0

5.5 ± 6.4

0

0

0

Mod1

5.5 ± 2.1

3.0 ± 2.1

4.3 ± 2.5

5.0 ± 3.5

7.7 ± 8.1

0

Quercus lyrata Walt.

No1

5.0 ± 3.5

0

3.0 ± 2.0

0

16.0 ± 12.7

6.0 ± 4.2

Quercus nigra L.

No1

4.0 ± 2.8

0

11.0 ± 7.8

0

2.5 ± 2.1

0

Robinia pseudoacacia L.

No1

0

0

0

2.0 ± 1.4

12.5 ± 6.4

8.0 ± 5.7

Taxodium distichum L.

Mod2

1.0 ± 0.7

0

15.0 ± 0.7

0

19.7 ± 11.6

0

Ulmus americana L.

Mod1

0

0

16.0 ± 11.3

9.0 ± 6.4

9.2 ± 5.9

0

Ulmus rubra Muhl.

No1

0

0

7.0 ± 5.0

0

6.0 ± 4.2

0

Quercus alba L.

1

: Burns and Honkala 1990b; 2: Burns and Honkala 1990a.
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Meaningful comparisons of richness and density of trees >10 cm dbh were not possible due to
their general absence from infested sites. Tree seedling richness (F1,59=8.5932) and density (F1,59=67.554)
were significantly lower in infested sites compared to control sites (p<0.001) (Figure 1.3). Tree saplings
had significantly lower species richness (F1,19=10.833) and density (F1,19=150.23) in the infested sites
compared to the control sites (p<0.001) (Figure 1.3).

Figure 1.3. Woody seedlings and saplings in control and kudzu infested sites. A. Species richness.
Richness was significantly lower in infested than in control sites for both seedlings, p<0.01, and saplings,
p<0.001. B. Density (100 m-2). Density was significantly lower in infested than in control sites for both
seedlings, p<0.001, and saplings, p<0.001.
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Discussion. Our expectation that kudzu would broadly suppress the pre-existing plant
community was supported by the results, but the generality of this pattern may be influenced by the
specific conditions in our study sites. Both woody and non-woody species encountered in this study are
commonly found in southern mixed pine-oak forest, but 77% of understory species were classified as
either native or introduced weeds (USDA 2021) and 8 of 13 tree species were shade-intolerant, consistent
with the flora of early successional or disturbed habitats. This is not unexpected given that kudzu
commonly infests disturbed sites such as road margins (Forseth and Innes 2004), where ruderal species
may find favorable conditions. However, disturbance also appears to be a common feature of modern
southern upland forests, which have been profoundly altered by human agriculture, fire exclusion, and
forestry and are now composed of a higher proportion of pioneer and fire-intolerant species than were
pre-settlement forests (Delcourt 1987; Brewer 2001; Surrette et al. 2008). In a survey of herb and vine
species in the Tallahatchie Experimental Forest approximately 10 km from our study sites, Brewer (2016)
identified 115 herb and vine species, of which 73 (63.5%) were most closely associated with open or
disturbed habitat types. Since kudzu invasion appears to be facilitated by disturbance (Forseth and Innes
2004) it appears that it is reasonable to expect that native plant communities affected by kudzu will often
have a high proportion of ruderal species.
Overall, our data showed that kudzu significantly altered native plant community characteristics
in invaded sites. Species richness and cover of understory species, as well as species richness and density
of woody species, were significantly reduced in invaded compared to control sites. Notably, larger trees
>10 cm dbh were nearly eliminated from kudzu sites while saplings and seedlings were greatly reduced in
diversity and density. Although kudzu invasion had uniformly detrimental effects on both woody and
understory species, density and percent cover of species that did persist in kudzu invaded sites generally
did not differ significantly from that in control sites. This may be primarily a result of the high spatial
variability in occurrence of species in our sample plots. Cover estimates for all 13 understory species that
occurred in both control and kudzu invaded sites had variance-to-mean ratios greater than 1, and only 3
species, P. quinquefolia, T. radicans, and V. rotundifolia, occurred in more than 20% of control plots,
indicating highly patchy distributions. Density of trees, saplings, and seedlings also showed high
variability among sites, with all species showing variance-to-mean ratios of 1 or more. Although we were
unable to show that kudzu significantly reduced cover or density of individual species persisting in
invaded plots except for V. rotundifolia, we suggest that the high variance among sample plots may have
obscured any such effect.
Kudzu invasion did not appear to disproportionately reduce richness or cover of shade-intolerant
species compared to shade-tolerant species. Among understory species, relative proportions of shadetolerant and intolerant species did not differ significantly between control and infested sites, and the only
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species to exhibit significantly lower cover in kudzu infested sites, V. rotundifolia, is regarded as
moderately shade-tolerant. Patterns of persistence among tree seedlings and saplings also did not show a
strong bias toward shade-tolerant species. Half of the tree species represented by individuals > 10 cm dbh
on control plots were at least moderately shade tolerant, while 2 of 3 found on infested plots were shade
tolerant. Of the 12 tree sapling species found in control sites, 58% were regarded as at least moderately
shade-tolerant, while 80% (4 of 5) of sapling species in invaded sites were shade-tolerant. However, only
two tree seedling species were found in infested sites, and one, Q. michauxii, is regarded as relatively
shade intolerant. Overall, we found little evidence to suggest that shade tolerance enhances the
persistence of either understory or woody species in the face of kudzu invasion.
There was also no evidence to suggest that kudzu invasion favors weedy over non-weedy species.
Among understory species, the relative proportions of weedy and non-weedy species were identical in
control and kudzu infested sites. The high proportion of weedy species in control sites suggests that the
understory plant community in our study areas may already be saturated with ruderal species. These
existing species may have occupied the available niche space, effectively preventing the establishment of
new weeds.
We also found little evidence to support the idea that kudzu invasion shifts plant community
composition to a new set of novel species as suggested by the idea of invasional meltdown (Simberloff
and Von Holle 1999). Understory plant species persisting on invaded sites were a subset of those found
on control site. All tree species found in this study were common components of southern mixed forests
(Burns and Honkola 1990a; 1990b). Kudzu reduced richness and cover of native species, but we found
no evidence to suggest that opportunistic weeds or introduced invasive species were able to exploit these
changes and establish a novel plant community. We note that a third of understory plants on control plots
were introduced species, and it is likely that disturbance substantially transformed the community by
facilitating the establishment of novel species prior to kudzu invasion. The herbaceous species
encountered in this study may already represent a novel anthropogenic community that is largely resilient
to additional disturbance such as kudzu invasion.
One pattern suggested by our data is that kudzu did not appear to reduce persistence of vines as
much as grasses and herbs. Five of the six native vine species encountered on control sites persisted on
infested sites. In contrast, only 22% of herbs and 21% of grasses on control sites persisted in infested
sites. Although the relative frequencies of herbs, graminoids, and vines did not differ significantly among
control and invaded sites, persistence of native vines was striking and consistent with previous studies in
temperate forests. Native vine species were found to be less suppressed by light competition from the
invasive vine L. tatarica than other functional groups in New England (Woods 1993). Vines often
germinate in forest understory and tend to be shade-tolerant (Putz 1984; Baars and Kelly 1996; Schnitzer
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and Bongers 2002; Valladares et al. 2011), so the possible persistence of vines in the face of dense shade
from kudzu in not unexpected.
Our results show that kudzu indiscriminately suppresses all elements of pre-existing plant
communities, but kudzu reached high densities only in disturbed sites that may have already experienced
considerable anthropogenic modification. It is unclear from our study whether kudzu presents a serious
threat to intact forest systems or whether its effects are likely to be limited to marginal, disturbed habitats.
It is also unclear whether nitrogen fixation by kudzu significantly alters plant communities, as any such
effects in this study were likely obscured by dense shade that suppressed existing plants and inhibited
new germination. Such effects may be more apparent once kudzu is eradicated or reduced in density, and
studies of soil nitrogen dynamics in plant communities recovering from kudzu infestations would be of
considerable interest. Nitrogen enrichment by invasive species has been shown in some studies to persist
long after removal of the invader (Malcolm et al. 2008, Marchante et al. 2009) and may be a more
significant factor than light competition in producing long-term change in plant communities. We
suggest that studies following long-term trajectories of community change after kudzu management
treatments will produce new insights important to both kudzu management and restoration of native plant
communities.
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Chapter 2: Plant community responses to kudzu (Pueraria montana) management treatments in a
southern upland forest.

Abstract. The strategies involved in the managing of invasive plant species, such as kudzu,
Pueraria montana var. lobata (Willd.), have been well documented. The long-term effects of
management strategies on plant communities however, are rarely studied. In this study, we explored the
long-term effects of three kudzu management strategies by evaluating their relative effectiveness in
restoring the plant community to a pre-invasion state. Managed sites experienced prescribed burning,
herbicide treatment (clopyralid 41%), or a combination of the two at various times prior to the study. At
each site we determined species richness, percent cover of understory species, density of large trees,
saplings and seedlings, and species composition of sample plots. Plant communities on managed sties
were compared to those on kudzu infested and uninfested sites. Overall, managed sites had reduced
richness and density of tree saplings, seedlings and large trees compared to control sites. The three
management methods produced differing outcomes; herbicide-treated sites had lower cover of understory
species, while burned sites had lower densities of woody saplings and species richness of woody
seedlings. Community ordination revealed that native communities found on combination sites
resembled those on control sites, while communities on burned and herbicide sites were divergent. Sites
experiencing a combination of herbicide and burning had both low kudzu regrowth and close
correspondence of native plants with those in control sites. Combination treatments show promise for
community restoration, although questions about the effects of disturbance, type of treatment, and timing
of treatments remain to be resolved.
Key words: Community Restoration, Invasive Species Management, Herbicide, Prescribed Burn
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Introduction. Invasive plant species pose serious problems for management of biological
diversity in forested ecosystems. Over 5,000 non-indigenous plant species are thought to have become
established in natural ecosystems of the United States (Pimentel et al. 2000) and may cause decline of
native species through a variety of mechanisms (Levine et al. 2003; Pyšek and Richardson 2010; Vilà et
al. 2011), including direct resource competition with native species (Gentle and Duggin 1998), altered fire
regimes (D’Antonio and Vitousek 1992), and disruption of soil nutrient cycles (Vitousek et al. 1997;
Vitousek and Walker 1989). In some cases, non-indigenous species are known to facilitate the invasion
of additional non-native species, producing a greater loss of diversity than that caused by the initial
invasion (Simberloff and Von Holle 1999; Kettenring and Adams, 2011). The current cost of invasive
species control is estimated to exceed $120 billion in the United States alone (Pimentel et al. 2005) and
these impacts are likely to be exacerbated by future climate change (Dukes and Mooney 1999; Bradley et
al. 2010). Given the high cost of invasive species control, studies aimed at understanding the specific
impacts of invasive species and identifying effective strategies for their management and for recovery of
native communities are urgently needed.
In recent years the introduced perennial climbing vine kudzu (Pueraria montana (Lour.) Merr.
var. lobata (Willd.)) has become a major target for management throughout warm temperate forests of
eastern North America. Since its introduction from east Asia in 1876 it has invaded an estimated 3 million
hectares of agricultural and forest land in the eastern United States (Forseth and Innes 2004; Lindgren et
al. 2013; Yang et al. 2014). Studies show individual kudzu plants spread at a rate of 10 to 30 m per year
(Yang et al. 2014) and total infested area is spreading at 50,000 ha/year (Hickman et al. 2010). The rapid
spread of this vine makes it a top priority for management (Forseth and Innes 2004).
Prescribed burning and herbicides are commonly used to manage invasive plant species such as
kudzu (Weidlich et al. 2020) but results of these management measures are at best inconsistent. The
efficacy of prescribed burning for control of invasive plant species depends on seasonal timing, intensity.
and plant growth form and may have only limited effects on woody species and vines (DiTomaso et al.
2006). Fire may facilitate establishment and recruitment in some exotic species, which may alter fuel
loads and fire intensity in ways that favor them at the expense of native species (Mack and D’Antonio
1998; D’Antonio 2000). Several studies in North American forests have documented mixed or
undesirable results of fire as a tool for managing invasive species. Germination of invasive Microstegium
vimineum (Trin.) A.Camus and Rosa multiflora Thunb. increased in response to experimental fire
treatments in Ohio (Glasgow and Matlack 2007a). Other studies have shown that fire is effective in
reducing viability of the seeds of invasive species in soil, but also lowers subsequent germination of both
exotic and native plant species (Glasgow and Matlack 2007b; Emery et al. 2011). Single burn treatments
resulted in short-term reduction of the invasive woody vine winter creeper (Euonymus fortunei (Turcz.)
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Hand.-Maz.) in experimental plots in a Kentucky forest, but after ten years E. fortunei cover had returned
to pre-treatment levels and richness of native forest floor herb species did not differ in burned and
untreated control plots (Mattingly et al. 2016).
Herbicides are often effective in invasive species control and have frequently been used to
manage kudzu (Brender 1961; Shipman 1962; Miller 1986; Thomas 2000; Harrington et al. 2003).
Although effective, management of kudzu often requires repeated treatments (Davis and Funderburk
1964; Miller and Edwards 1983) and little information is available on the residual effects of treatment on
success in restoring pre-infestation plant communities. Herbicide treatment for control of kudzu may
have negative effects on native plants through toxicity toward non-target species (Cornish and Burgin
2005). For example, herbicide treatments significantly reduced cover of garlic mustard (Alliaria
petiolaria (M. Bieb.) Cavara & Grande) in Ohio and English ivy (Hedera helix L) in Georgia but also
reduced densities of some non-target native herbs, and treatment did not produce greater native herb
richness over the succeeding 1-2 years (Carlson and Gorchov 2004; Biggerstaff and Beck 2007).
Long-term studies of community recovery after removal of invasive species are still relatively
rare, with most studies of management strategies focusing on short-term efficacy of treatment rather than
long-term changes in plant communities resulting from infestation and subsequent removal of invasive
species (DiTomaso et al. 2006; Stocker and Hupp 2008; Kettenring and Adams 2011). However, reestablishment of exotic species is common after a single control treatment, and repeated treatments are
often required to achieve effective management (Pakeman et al. 2002; Enloe et al. 2013; Burge et al.
2017). A combination of herbicides and prescribed burning can be more effective at controlling exotic
species than repeated applications of either method alone (DiTomaso et al. 2006; Rice and Smith 2008).
Finally, it is clear that invasive plant species may have long-lasting legacies and that removal of invaders
alone is often not sufficient to promote community recovery without additional intervention (Suding et al.
2004; Strayer et al. 2006; Kettenring and Adams 2011). For example, native plant communities in plots
from which Chinese privet (Ligustrum sinense Lour.) was removed still differed significantly from
desired communities on reference plots after 5 years (Hudson et al. 2014). Hawaiian woodland plant
communities continued to differ significantly from their pre-invasion state 25 years after invasion by
grasses transiently altered fire dynamics (D’Antonio et al. 2017).
In this study we explored the long-term effects of management strategies on kudzu abundance
and the recovery of pre-existing plant communities after kudzu suppression. We compared the diversity
and relative abundance of plant species on invaded and control sites to that in sites treated to suppress
kudzu infestations with prescribed burning, herbicides, or a combination of the two methods. Our aims
were to 1) evaluate the relative effectiveness of the three treatments in suppressing kudzu and 2)
determine if the plant community approached the pre-invasion state after application of any of the three
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methods. We hypothesized that a combination of burning, and herbicide treatments would suppress
kudzu more effectively than either treatment alone, and that species richness and abundance of native
herbaceous and woody vegetation would gradually revert to levels comparable to those in control sites
through passive recovery alone.

Materials and Methods. STUDY SITE. The study was conducted during 2019 on the Holly
Springs National Forest in Benton, Marshall, and Yalobusha counties in central Mississippi. The original
date of introduction of kudzu to this area is unknown, but management has been attempted since at least
1980 in some locations of the forest (L. Walton, personal communication). The forest was dominated by
Loblolly pine (Pinus taeda L.) plantations and managed for industrial forestry.
We characterized the vegetation on 22 sites, 3 currently infested with kudzu that have never
received any control treatment, 4 control sites never infested with kudzu, and 15 sites on which kudzu
removal had been attempted by prescribed burning, herbicide application, or a combination of the two
(Table 1). Control areas chosen for study were not planted in P. taeda plantation forestry and had an
overstory typical of upland mixed pine-oak forest, characterized by Acer negundo L., Acer saccharum
Marshall, Betula nigra L., P. taeda, Quercus alba L., and Quercus lyrata Walt. We studied 5 removal
sites that were recently burned, 5 sites treated with herbicide during the 1990’s, and 5 sites receiving a
combination of both prescribed burn and herbicide (combination sites). Herbicide sites had a single
application of clopyralid 41% solution (Transline®, Dow Chemical) in the early 1990’s but exact dates of
initial herbicide treatment were not available (L Walton, personal communication). Cloypralid is effective
at suppressing herbs, forbs, and vines without detrimental effects on most woody species (Dixon et al.
2005). Combination sites were sprayed at the same time as herbicide sites but were subsequently retreated with prescribed burning due to kudzu regrowth. Two combination sites were burned in 2006 while
the other three were burned in 2009, 2010, and 2015. Prescribed burn sites were treated once in 2016
(Table 2.1). Kudzu infestations were particularly heavy adjacent to roads, and to avoid confounding
effects of distance we sampled control and managed sites within 30 m of roads on at least one side. One
combination site was logged prior to treatment with clopyralid and burning and replanted with P. taeda
prior to the study; no management of other vegetation occurred on this site. The remaining 21 sites had
never been logged and no vegetation management had been applied after treatment to suppress kudzu (L.
Walton, personal communication). A mixture of plots were located within 20m of streams or ponds. Plots
had varying elevations and were at time located along sloped terrain. There were no significant
differences between canopy cover and plot (p<0.05). The variance between plot locations and abiotic
factors had little to no effect on the measures of this study (Figure 2.1).
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Figure 2.1. Map of Holly Springs National Forest with 5 herbicide sites, 5 combination sites, 5 prescribed sites established in the Yalobusha unit of
the forest.
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Table 2.1. Description of sites in the Holly Springs National Forest, Mississippi.
Treatment

N

Management applied

Infested

3

None

Control

4

None

Prescribed burn

5

Burned 2016

Herbicide

5

Clopyralid (Transline) 1990*

Combination

2

Clopyralid (Transline) 1990*, burned 2006

Combination

3

Clopyralid (Transline) 1990* burned 2009, 2010, 2015

*: Exact date of herbicide application not known

UNDERSTORY VEGETATION. We quantified the occurrence and cover of herbs, grasses, vines, and
shrubs in three 1 m2 quadrats three times per site per growing season, in May, July and September to
capture seasonal dynamics. At each plot, a marker was haphazardly thrown from the perimeter and used
to establish the corner of a quadrat using a PVC pipe frame. A digital photograph was taken of the
vegetation within the quadrat using an Android phone with a 12-megapixel camera. Understory
vegetation was then collected from within the quadrat and placed in a plant press for later identification.
Percent cover of each species within a quadrat was calculated from each photograph using the area
function in Image J version 1.46r (https://imagej.nih.gov/). We classified understory species according to
growth form, shade tolerance and weediness using information on the USDA Plants website (USDA
2021). Species for which no information on shade tolerance was available were classified using
information on the Missouri Botanical Garden Plant Finder website where possible (Missouri Botanical
Garden 2021).

WOODY VEGETATION. Woody vegetation was surveyed on the study sites during May 2019. At
each site we established three 10 x 10 m2 plots in which the density and identity of all tree stems were
recorded. Because large trees, saplings and seedlings were likely to have experienced different phases of
kudzu invasion, removal, and recovery, we tallied large trees, saplings, and seedlings separately. We
classified large trees, which were likely to have been directly affected by kudzu, as those > 10 cm in
height. Saplings were defined as stems > 1m in height with a DBH <10 cm and seedlings, which likely
germinated after kudzu suppression treatments, were defined as < 1m in height. Species richness was
calculated separately for large trees, saplings, and seedlings as the total number of species present in each
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sample quadrat. Species were classified according to shade tolerance using Burns and Honkola (1990a;
1990b).

STATISTICAL ANALYSIS. We compared richness, understory cover, and tree density in the 4
control, 3 infested, and 15 managed sites to search for emergent patterns common to all management
treatments. Although some combination sites experienced only one burn while others experienced three,
these groups did not differ in either understory or woody vegetation and were combined for this and
subsequent analysis. A Generalized Linear Model (GLM) using the R package lmer4, was used to
compare understory cover and richness, tree seedling and sapling richness and density among the
different treatments. We also used loglinear models in lmer4 to ask if growth form, shade tolerance, or
weediness was related to the presence or absence of understory species in all treatments.
Finally, we examined overall community similarity among the 22 sites by comparing species
composition across all sites with a distance-based redundancy analysis (db-RDA) using the R package
vegan, version 2.5-6. We generated one ordination based on presence-absence data for understory
vegetation using all sites with more than one recorded species. A total of 21 sites were used in this
analysis; one infested site was omitted because only one understory species was recorded. A second
ordination was generated based on presence/absence of tree seedlings, following the methods outlined
above. A total of 16 sites were included in this ordination; 2 infested, 2 combination, and 2 burn sites
were dropped from the analysis due to the low number of tree seedlings recorded. Species composition of
large trees and tree saplings was not analyzed due to high variability and low numbers of species,
especially in kudzu infested sites.

Results. KUDZU OCCURRENCE ON STUDY SITES. No kudzu was found on any of the four control
sites, while cover on the three infested sites averaged 96.9 ± 7.7%. Kudzu cover among sites receiving
different management treatments was highly variable; sites receiving different management treatments
did not differ in kudzu cover but did have significantly lower kudzu cover than infested sites (F4,17 =
18.80, p<0.0001). Cover in the five sites treated with herbicide was 6.0 ± 15.6% with 3 of 5 sites having
no detectable regrowth. Kudzu cover in the burned sites averaged 22.6 ± 35.4%, with 4 sites exhibiting
cover under 10% and one with 82.2% kudzu cover. Cover in combination sites averaged 3.8 ± 9.4%, with
one site showing no evidence of kudzu regrowth.

UNDERSTORY VEGETATION. We found a total of 43 understory species, 39 in control sites, 13 in
infested sites, 24 on herbicide-treated sites, and 28 on both burned and combination treatment sites (Table
2.2). All understory species found in infested sites and all but 4 species found in the 15 treated sites were
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also found in control sites. A high proportion of understory species were classified as weedy in the
literature. Of 41 species for which information was available, 20 were classified as native weedy species,
14 as introduced weeds, and 7 as native non-weeds (Table 2.2). Control, infested, and managed sites did
not differ significantly in their proportions of native non-weeds, native weeds, and introduced weeds (χ2
= 1.20, d.f. = 8; P = 0.99). Of the 43 understory species, 21 were classified as herbs, 15 as graminoids, 6
as vines, and 1 as a shrub (Table 2.2). Control, infested, and managed sites did not differ significantly in
their proportions of herbs, graminoids, and vines (χ2 = 5.52, d.f. = 8, P = 0.70). Clear information on
shade tolerance was available for 37 species; 16 species were either moderately or strongly shade-tolerant
and 21 were shade-intolerant (Table 2.2). Control, infested, and managed sites did not differ significantly
in their proportions of shade-tolerant and shade-intolerant species (χ2 = 1.31, d.f. = 4; P = 0.85).
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Table 2.2. Characteristics and percent cover of herbs, grasses, and vines in Holly Springs National Forest in control sites, sites invaded by
Pueraria montana, and sites subjected to three different removal treatments. Sample size in control and infested sites is the average density
measured in four control and three infested sites from 2017-2019. Sample size in burned, herbicide, and combination sites is the average density
in five sites in 2019. Origin, weediness, growth form and shade tolerance are from the USDA Plants website (USDA 2021) unless otherwise
noted.

Origin

Weedy

Growth form

Species

Shade
tolerance

Acalypha virginica L. (Euphorbiaceae)

Native

Yes

Herb

Moderate

Anthemis cotula L.

Introd.

Yes

Herb

No1

Asclepias syriaca L.

Native

Yes

Herb

No1

Blepharoneuron tricholepis (Torr.) Nash

Native

No

Graminoid

Moderate

Campsis radicans (L.) Seem. ex Bureau

Native

Yes

Vine

No

Capsella bursa-pastoris (L.) Medik.

Introd.

Yes

Herb

Moderate1

Cerastium arvense L.

Native

No

Herb

No1

Chamaesyce maculata L.

Native

Yes

Herb

No

Cynodon dactylon (L.) Pers.

Introd.

Yes

Graminoid

No

Dactylis glomerata L.

Introd.

Yes

Graminoid

Yes

Dactyloctenium aegyptium (L.) Willd.

Introd.

Yes

Graminoid

?

Desmodium incanum DC

Introd.

Yes

Herb

No

Dichondra carolinensis Michx.

Native

No

Herb

?

Digitaria ciliaris (Retz.) Koeler

Native

Yes

Graminoid

No
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Echinochloa crus-galli (L.) P. Beauv

Introd.

Yes

Graminoid

?

Eclipta prostrata (L.) L.

Native

Yes

Herb

Moderate

Ipomoea lacunosa L

Native

Yes

Vine

No1

Lactuca serriola L.

Introd.

Yes

Herb

?

Lolium perenne L.

Introd.

No

Graminoid

No

Lolium perenne L. ssp. multiflorum (Lam.) Husnot

Introd.

Yes

Graminoid

Moderate

Medicago lupulina L.

Introd.

Yes

Herb

No

Orychophragmus violaceus (L.) Schulz.

Introd.

?

Herb

No

Panicum bulbosum Kunth.

Native

No

Graminoid

No

Panicum capillare L.

Native

Yes

Graminoid

Moderate

Panicum repens L.

Native

Yes

Graminoid

No

Parthenocissus quinquefolia (L.) Planch

Native

Yes

Vine

Moderate

Paspalum urvillei Steud.

Introd.

Yes

Graminoid

No

Polygonum aviculare L.

Introd.

Yes

Herb

?

Pteridium aquilinum Steud.

Native

Yes

Herb

Yes

Ranunculus acris L.

Native

Yes

Herb

Moderate

Richardia scabra L.

Native

Yes

Herb

?

Schedonorus arunundinaceus (Schreb.) Dumort.

Introd.

Yes

Graminoid

Moderate

Smilax rotundifolia L.

Native

Yes

Vine

No

Sporobolus heterolepis (A. Grey) A. Grey

Native

No

Graminoid

Moderate

Taraxacum officinale F. H. Wigg.

Native

Yes

Herb

Moderate

Toxicodendron pubescens Mill.

Native

Yes

Vine

Moderate

Toxicodendron radicans (L.) Kuntz.

Native

Yes

Vine

No

Trifolium repens L.

Introd.

Yes

Herb

No
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Urochloa platyphylla (Munro ex C. Wright) R.D. Webster

Native

Yes

Graminoid

No

Urtica dioica L.

Native

Yes

Herb

Moderate

Verbena officinalis L.

Introd.

Yes

Herb

No

Verbesina alternifolia (L.) Britton ex Kearney

Native

No

Herb

Moderate

Vitis rotundifolia Michx.

Native

No

Vine

Moderate
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Table 2.2, continued,
Percent cover
Control

Infested

Burned

Herbicide

Combination

(n = 12)

(n = 9)

(n = 5)

(n = 5)

(n = 5)

—

—

0.6 ± 2.0

0.3 ± 1.2

0.5 ± 2.0

Anthemis cotula L.

0.7 ± 4.5

—

—

0.2 ± 0.7

0.1 ± 0.3

Asclepias syriaca L.

—

—

—

1.3 ± 4.7

—

Blepharoneuron tricholepis (Torr.) Nash

0.3 ± 1.6

—

—

—

—

Campsis radicans (L.) Seem. ex Bureau

0.5 ± 1.0

0.08 ± 0.4

0.9 ± 2.6

1.1 ± 2.7

2.8 ± 3.2

Capsella bursa-pastoris (L.) Medik.

0.1 ± 0.2

0.1 ± 0.3

—

—

0.8 ± 2.0

Cerastium arvense L.

0.02 ± 0.1

—

—

0.3 ± 1.3

—

Chamaesyce maculata L.

0.1 ± 0.1

—

—

—

—

0.004 ± 0.1

—

—

—

1.3 ± 4.9

0.3 ± 1.9

—

—

—

—

—

—

1.6 ± 5.6

—

—

Desmodium incanum DC.

0.2 ± 0.7

—

—

—

—

Dichondra carolinensis Michx.

0.03 ± 0.1

—

0.07 ± 0.3

—

0.003 ± 0.01

Digitaria ciliaris (Retz.) Koeler

1.4 ± 4.1

—

1.9 ± 3.7

0.4 ± 1.1

0.2 ± 0.7

Echinochloa crus-galli (L.) P. Beauv

5.5 ± 8.7

—

17.7 ± 17.2

6.7 ± 6.0

14.8 ± 13.4

Eclipta prostrata (L.) L.

1.3 ± 5.5

—

—

—

0.2 ± 0.9

Ipomoea lacunosa L

0.2 ± 0.7

0.07 ± 0.4

0.04 ± 0.2

—

0.06 ± 0.3

Lactuca serriola L.

0.01 ± 0.1

—

0.2 ± 0.7

0.1 ± 0.3

1.4 ± 4.2

Lolium perenne L.

0.6 ± 2.3

—

2.7 ± 6.3

0.6 ± 1.6

4.7 ± 11.2

Lolium perenne L. ssp. multiflorum (Lam.) Husnot

0.1 ± 0.5

0.3 ± 1.7

3.0 ± 8.8

—

—

0.004 ± 0.02

—

1.9 ± 5.4

1.3 ± 3.2

4.2 ± 8.7

0.1 ± 0.5

0.05 ± 0.3

0.2 ± 0.8

0.1 ± 0.3

0.04 ± 0.2

Species
Acalypha virginica L.

Cynodon dactylon (L.) Pers.
Dactylis glomerata L.
Dactyloctenium aegyptium (L.) Willd.

Medicago lupulina L.
Orychophragmus violaceus (L.) Schulz.
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Panicum bulbosum Kunth.

0.4 ± 1.9

—

0.4 ± 1.4

1.6 ± 6.0

2.0 ± 6.5

Panicum capillare L.

0.05 ± 0.2

—

0.5 ± 1.3

0.2 ± 0.6

0.1 ± 0.5

Panicum repens L.

0.2 ± 1.2

—

—

0.1 ± 0.2

—

Parthenocissus quinquefolia (L.) Planch

0.9 ± 1.9

0.8 ± 2.3

0.7 ± 1.7

6.1± 8.9

0.5 ± 1.2

Paspalum urvillei Steud.

0.6 ± 2.0

0.05 ± 0.3

1.7 ± 4.1

2.2 ± 6.1

0.2 ± 0.6

Polygonum aviculare L.

4.2x10-6 ± 2.5x10-5

—

0.08 ± 0.3

—

—

0.6 ± 2.0

—

0.9 ± 3.3

1.6 ± 3.9

1.7 ± 4.5

Ranunculus acris L.

0.0003 ± 0.002

—

—

—

0.2 ± 0.6

Richardia scabra L.

0.8 ± 2.7

—

2.9 ± 4.7

3.3 ± 5.4

1.3 ± 3.4

Schedonorus arunundinaceus (Schreb.) Dumort.

0.1 ± 0.5

—

—

1.9 ± 7.3

1.6 ± 4.2

Smilax rotundifolia L.

1.0 ± 1.5

—

1.3 ± 2.6

2.2 ± 6.1

1.3 ± 2.6

Sporobolus heterolepis (A. Grey) A. Grey

0.004 ± 0.1

—

—

—

—

Taraxacum officinale F. H. Wigg.

0.009 ± 0.04

—

0.2 ± 0.8

—

—

Toxicodendron pubescens Mill.

0.1 ± 0.5

0.08 ± 0.4

0.2 ± 0.6

—

4.2 ± 4.9

Toxicodendron radicans (L.) Kuntz.

0.7 ± 1.5

1.3 ± 5.2

0.6 ± 1.6

0.8 ± 0.9

1.0 ± 1.9

0.01 ± 0.04

0.05 ± 0.3

0.2 ± 0.4

0.1 ± 0.2

0.2 ± 0.5

1.3 ± 5.5

0.09 ± 0.5

3.6 ± 8.0

2.3 ± 8.3

0.3 ± 1.2

—

—

0.1 ± 0.5

—

—

Verbena officinalis L.

0.8 ± 4.1

0.1 ± 0.6

0.2 ± 0.6

—

—

Verbesina alternifolia (L.) Britton ex Kearney

0.01 ± 0.1

—

—

—

—

Vitis rotundifolia Michx.

3.1 ± 5.8

0.2 ± 0.5

0.6 ± 2.3

14.9 ± 11.2

3.9 ± 4.7

Pteridium aquilinum Steud.

Trifolium repens L.
Urochloa platyphylla (Munro ex C. Wright) R.D. Webster
Urtica dioica L.

1

: Missouri Botanical Garden (2021)
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Understory species richness was significantly reduced in infested sites compared to control and
managed sites (F4,51= 8.967, P <0.001). Richness did not differ significantly between seasons (F4,51=
1.824, P =1717). There was also no significant interaction between treatment and season (F8,51=1.451,
P=0.1987) (Figure 2.2).

Figure 2.2. Richness of understory plant species (mean ± standard deviation) in kudzu infested sites,
control sites, and sites subject to 3 types of kudzu management in Holly Springs National Forest,
Mississippi.

Percent cover of understory vegetation was also significantly lower in infested sites compared to
the control, burn and combination sites (F4,51=7.985, p <0.0001). Percent cover in herbicide sites was
intermediate, and was significantly lower than that in control, burn, and combination sites (p < 0.05), and
significantly higher than that in infested sites (p=0.0013). Percent cover across all sites differed
significantly among seasons, (F2,51=10.30, p=0.0002), with summer having significantly lower cover than
spring and fall. There was no significant interaction between treatment by season (F8,51 =0.8153,
p=0.5926) (Figure 2.3).
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Figure 2.3. Percent cover of understory plant species (mean ± standard deviation) in kudzu infested sites,
control sites, and sites subject to 3 types of kudzu management in Holly Springs National Forest,
Mississippi.

WOODY VEGETATION. A total of 13 tree species were encountered during the study (Table 2.3).
Twelve species were represented as either adults, saplings, or seedlings in control plots, while 5 species
were found in kudzu infested plots, 7 in burned plots, 10 in herbicide plots, and 12 in combination plots.
Five of the 13 tree species are classified as at least moderately shade-tolerant while the remaining 8
species are classified as shade-intolerant (Table 2.3). Control, infested, and management treatments did
not differ significantly in their relative frequency of shade-tolerant vs. shade-intolerant species (χ2 =
0.785, d.f. = 4, P = 0.94).
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Table 2.3. Density of tree species in 100 m2 sampling quadrats in control sites, sites infested by Pueraria montana, and sites receiving three
management treatments.
Trees > 10 cm dbh
Species
Acer negundo L.

Shade tolerant

Control

Infested

Burned

Herbicide

Combination

Mod1

6.5 ± 2.7

0

0.7 ± 0.5

1.0 ± 0.7

3.2 ± 1.1

Acer rubrum L.

No

1

2.8 ± 2.1

2.3 ± 1.5

0

6.2 ± 4.8

2.4 ± 2.7

Acer saccharum Marshall

Yes1

7.0 ± 4.9

0

0

2.0 ± 1.4

0

Betula lenta L.

No1

8.0 ± 5.7

0

0

0

0

Liriodendron tulipifera L.

Yes1

1.0 ± 0.7

3.0 ± 2.1

0

0

1.0 ± 0.7

2

5.5 ± 6.4

0

3.2 ± 1.3

3.0 ± 1.6

4.8 ± 2.7

Mod1

5.5 ± 2.1

3.0 ± 2.1

2.0 ± 1.4

2.0 ± 1.4

2.3 ± 3.5

Quercus lyrata Walt.

No1

5.0 ± 3.5

0

1.0 ± 0.07

1.0 ± 0.7

4.0 ± 2.8

Quercus nigra L.

No1

4.0 ± 2.8

0

0

0

0

0

0

0

0

0

Mod2

1.0 ± 0.7

0

0

0

0

Ulmus americana L.

No1

0

0

1.0 ± 0.7

0

1.0 ± 0.7

Ulmus rubra Muhl.

No1

0

0

0

0

0

Pinus taeda L.
Quercus alba L.

Robinia pseudoacacia L.
Taxodium distichum L.

No

No

1
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Table 2.3, continued
Saplings < 10 cm dbh
Species

Control

Infested

Burned

Herbicide

Combination

Acer negundo L.

11.8 ± 6.8

0

1.0 ± 0.7

2.2 ± 1.5

3.4 ± 2.4

Acer rubrum L.

4.4 ± 3.1

4.0 ± 3.0

0.2 ± 0.1

17.2 ± 12.2

3.0 ± 2.1

Acer saccharum Marshall

7.0 ± 5.0

0

0

0.6 ± 0.4

0

19.0 ± 13.4

0

0

0

0

Liriodendron tulipifera L.

2.8 ± 1.7

2.5 ± 0.7

0

2.2 ± 1.6

2.0 ± 1.4

Pinus taeda L.

5.5 ± 6.4

0

10.6 ± 7.5

8.0 ± 5.6

3.8 ± 6.3

Quercus alba L.

4.3 ± 2.5

5.0 ± 3.5

1.0 ± 0.7

1.2 ± 0.8

1.8 ± 1.3

Quercus lyrata Walt.

3.0 ± 2.0

0

1.8 ± 1.3

0.4 ± 0.3

2.6 ± 1.8

Quercus nigra L.

11.0 ± 7.8

0

0.4 ± 0.3

1.2 ± 0.8

1.0 ± 0.7

0

2.0 ± 1.4

0

0

0

Taxodium distichum L.

15.0 ± 0.7

0

0

0

0

Ulmus americana L.

16.0 ± 11.3

9.0 ± 6.4

0.4 ± 0.3

0.4 ± 1.6

0.4 ± 1.4

Ulmus rubra Muhl.

7.0 ± 5.0

0

0

0

0

Betula lenta L.

Robinia pseudoacacia L.
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Table 2.3, continued
1

: Burns and

Seedlings < 1 m tall
Species

Control

Infested

Burned

Herbicide

Combination

Acer negundo L.

19.7 ± 11.6

0

16.0 ± 11.3

3.9 ± 3.3

9.8 ± 6.8

Acer rubrum L.

9.2 ± 5.9

0

5.0 ± 3.5

3.3 ± 1.7

15.6 ± 15.0

Acer saccharum Marshall

6.0 ± 4.2

0

0

0

3.0 ± 2.1

Betula lenta L.

3.0 ± 2.1

0

0

0

0

Liriodendron tulipifera L.

14.0 ± 9.9

0

0

3.0 ± 2.1

17.0 ± 12.0

0

0

16.3 ± 17.7

9.3 ± 6.6

0

7.7 ± 8.1

0

5.2 ± 4.5

7.6 ± 7.3

6.2 ± 4.7

16.0 ± 12.7

6.0 ± 4.2

4.8 ± 3.3

7.5 ± 4.9

12 ± 15.5

Quercus nigra L.

2.5 ± 2.1

0

16.7 ± 23.0

12.5 ± 6.5

0

Robinia pseudoacacia L.

12.5 ± 6.4

8.0 ± 5.7

0

0

1.0 ± 0.7

Taxodium distichum L.

19.7 ± 11.6

0

16.0 ± 11.3

3.9 ± 3.3

9.8 ± 6.8

Ulmus americana L.

9.2 ± 5.9

0

5.0 ± 3.5

3.3 ± 1.7

15.6 ± 15.0

Ulmus rubra Muhl.

6.0 ± 4.2

0

0

0

3.0 ± 2.1

Pinus taeda L.
Quercus alba L.
Quercus lyrate Walt.
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Honkala 1990b; 2:
Burns and
Honkala 1990a.

Species richness of large trees > 10 cm DBH (F4,17=2.797), tree saplings (F4,61=8.483) and
seedlings (F4,61=5.814) differed significantly among treatments. The species richness of large trees (> 10
cm DBH) was significantly greater in the control sites compared to the other sites (p<0.01) (Figure 2.4A).
Sapling richness of control sites was significantly greater than that of the infested and managed sites
(p<0.001), while sapling richness in the infested sites was significantly lower than all other sites
(p<0.001) (Figure 2.4C). The richness of seedlings was significantly greater in the control and herbicide
sites than in infested, burn and combination sites (p<0.001) (Figure 2.4E). The density of large trees
(F4,17=7.525), saplings (F4,61=14.96), and seedlings (F4,61=2.355), also differed significantly between the
treatments. Density of large trees was significantly greater in control sites than in infested or managed
sites (p<0.001) (Figure 2.4B). Sapling density was significantly greater in the control and herbicide sites
than in infested, burn, and combination sites (p<0.001) (Figure 2.4D). Seedling density was only
significantly greater in the control sites compared to the managed and infested (p<0.001) (Figure 2.4F).

Figure 2.4. Species richness and density of three stages of wood vegetation in kudzu infested sites, control
sites, and sites subject to 3 types of kudzu management in Holly Springs National Forest, Mississippi. A:
Species richness of large woody trees (>10cm Dbh). B: Density of large trees (100 m-2). C: Species
richness of saplings. D: Density of saplings (100 m-2). E: Species richness of seedlings. F: Density of
seedlings (100 m-2).
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COMMUNITY ORDINATION ANALYSIS. Distance-based redundancy analysis on presence-absence
data for 2019 understory vegetation showed that the 21 sites were significantly different in species
composition (p< 0.01) (Figure 2.5A). Control and combination treatment sites broadly overlapped in
species composition and were distinct from herbicide, burned, and infested sites. Herbicide-only and fireonly sites were dissimilar in species composition, and infested sites clustered separately from all other
sites (Figure 2.5A). Herbicide sites were distinguished from burned sites by having lower frequencies of
occurrence of A. virginica, D. ciliaris, Echinochloa crus-galli (L.) P. Beauv., Lolium perenne L.
Medicago lupulina L., Orychophragmus violaceus (L.) Schultz., and Panicum capillare L. and higher
frequencies of occurrence of Lactuca serriola L., Trifolium repens L., and Urochloa platyphylla (Munro
ex C. Wright, R.D. Webster).
The 16 sites compared for tree seedlings also differed significantly (p<0.01) (Figure 2.5B). Once
again, control and combination treatment sites overlapped broadly and were distinct from burn only,
herbicide only, and infested sites. Combination treatment sites were dissimilar from herbicide and burn
sites because of the higher frequencies of occurrence of A. saccharum and U. americana and lower
frequencies of occurrence of Quercus nigra L. and P. taeda. The burn and herbicide sites differed
primarily due to the greater frequency of Q. lyrata in burned sites, and greater frequencies of A. negundo,
A. rubrum, P. taeda, and Q. alba in herbicide sites.

Figure 2.5. Distance-based redundancy analysis of vegetation on control, infested and three types of
kudzu removal sites during 2019. X and Y axis show the Constrained Analysis of Principal Coordinates
(CAP) scores of dissimilarity between the species and sites. The scores are a redundancy analysis of
results of Metric Multidimensional scaling. A: understory vegetation, including 2 infested, 4 control, 5
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prescribed burn, 5 herbicide, and 5 combination sites. Treatments were significantly dissimilar
(Permutation test, p<0.01). B: Woody seedlings < 1 m in height, including 1 infested, 4 control, 3
prescribed burn, 5 herbicide, and 3 combination sites. Treatments were significantly dissimilar
(Permutation test, p<0.01).

Discussion. All three management treatments significantly reduced kudzu densities compared to
infested sites and promoted at least some recovery of pre-existing vegetation. Although no management
treatment resulted in restoration of the entire understory community, overall species richness and cover at
the plot level did not significantly differ from that in control sites, with the exception of cover in herbicide
sites. Analysis of species composition revealed that understory communities in all three management
treatments were similar in representation of growth form, weedy vs. non-weedy species, and shadetolerant vs. shade-intolerant species. This suggests that the continued absence of some understory species
from managed sites is not due to biases in recolonization and is more likely the result of random dispersal
processes. Overall, the data suggest that passive recovery after treatment for kudzu is relatively rapid for
many short-lived species and may be a viable strategy for the understory community in southern upland
forests. However, the full complement of understory species was not restored in herbicide-treated sites
over 20 years after treatment, and re-establishment of some species may require active management.
In contrast, woody vegetation of all life stages in managed sites was generally lower in species
richness and density than in control sites, again with the exception of herbicide sites. Seedling richness
and sapling density in herbicide sites was similar to that in control sites, suggesting that early stages of
recruitment were beginning to approach pre-infestation levels in at least this treatment. All other
quantitative measures of woody vegetation in managed sites did not differ significantly from actively
infested sites. Presence/absence data for individual species showed only patchy regrowth of most species,
but this was unrelated to shade tolerance. Only 5 species, A. negundo, A. rubrum, P. taedo, Q. alba, and
Q. lyrata, were found as seedlings, saplings, and larger trees in most or all treatments, but this again
appears to be related primarily to random recolonization events and the longer development times of
woody species. Passive recovery for woody species appears to be inconsistent and inefficient, and we
suggest that active management will be required to re-establish woody species after kudzu removal.
Despite differences in efficacy of kudzu reduction, elapsed time since treatment, and number of
treatments, the three management treatments were generally similar in their plant communities. The burn
and combination treatments showed essentially the same patterns of richness, understory cover, and
woody density, likely due to relatively recent prescribed fire treatments. Several factors could have
contributed to the lower cover of understory species cover on herbicide-treated sites than on either burn or
combination sites. First, clopyiralid selectively targets understory species (Dixon et al. 2005), and
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although it has a relatively short half-life in soil (Pik et al. 1977) it is known to persist in litter and
compost for up to a year, long enough to potentially depress survival of herb and grass seedings through
root uptake long after application (Boydston 1994; Miltner et al., 2003). However, the persistence of low
understory cover over 20 years after herbicide application is unlikely to be due to residual effects of
clopyralid alone. It is possible that understory species may have experienced more competition for light
in herbicide plots than in burn or combination plots due to higher tree densities. This also appears
unlikely, since only tree saplings were found in significantly greater densities in herbicide sites. Finally,
understory species in burn and combination plots may have had greater access to soil nutrients than those
in herbicide sites due to nutrient pulses released by burning.
Herbicide sites also had higher species richness and density of early stages of woody vegetation
than burn and combination sites. We suggest that this may be due to differences in selectivity of the two
methods. Burning indiscriminately removes aboveground tissues of all plants, while clopyralid leaves
woody species largely unaffected. Since both burn and combination sites were relatively recently burned,
it is reasonable that woody vegetation should be reduced by a similar degree in comparison to herbicide
treatments.
While studies in a variety of habitats have documented increased grass cover or production after
fire (Hulbert 1986; Knapp and Seasteadt 1986; Niering and Dreyer 1989; Briggs and Knapp 1995; Outcalt
and Brockway 2010), this did not occur in the sites we studied. Neither prescribed burn nor combined
herbicide and burn treatments produced higher graminoid cover than herbicide-only treatments. Our
prescribed burn sites experienced only a single burn in 2016, three years prior to our study, and a single
burn may have been inadequate to produce a significant response by graminoids. Some combination sites
were burned once while others were burned three times prior to our study, but the number of burns did not
produce detectable differences in graminoid cover. The combination sites burned once were treated in
2006, and any response by graminoids may have disappeared in the intervening years without repeated
burns. The combination sites burned three times were last burned in 2015 and might have been expected
to show higher graminoid cover than those burned once, but we detected no difference among these
combination sites. It is also possible that the general disturbed character of our sites had greater influence
on graminoid richness and cover than the application of fire. Ten of the 14 graminoid species found on
control sites were classified as weedy, and these readily dispersed and opportunistic species may have
simply occupied open sites regardless of whether treated with fire or herbicide.
Although the three kudzu control treatments were generally similar in many features of the plant
community, ordination analysis revealed clear differences in community composition. Sites treated with
a combination of prescribed fire and herbicide showed high overlap in species composition of both
understory and woody communities with uninvaded control sites. Neither herbicide nor burned sites
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showed close approach to control conditions for either understory or woody communities and were
distinct from each other. One ambiguity of this study is that the combination sites received multiple
treatments while burn and herbicide sites were treated only once, and it is thus unclear whether the
beneficial effects of combination treatment are due to multiple treatments or to the specific combination
of fire and herbicides. While it is unclear exactly why the combination treatment may have produced
closer approach to the original community, this result is consistent with previous studies comparing the
effects of different treatments for invasive plant species on community recovery. Studies in a longleaf
pine/wiregrass community in Florida has shown that a combination of burning and herbicide application
produced greater increases in native species richness and cover and closer approach to reference
conditions than either burning or herbicide application alone (Brockway and Outcalt 2000; Outcalt and
Brockway 2010).
While all three management treatments significantly reduced kudzu densities, the recovery of the
pre-infestation community in the combination burn/herbicide treatment suggests that this may be
particularly suitable for kudzu reduction in southern upland forests if the overall goal of management
includes community restoration. This approach produced restoration of many components of the
understory community through passive recovery alone and may reduce costs associated with active
restoration management. However, our study took place in areas with substantial numbers of weedy
species and may thus be biased toward ruderal species that disperse rapidly compared to forest interior
species. Our study also does not address the optimal number or timing of treatments. The costs of
prescribed burning and herbicides can be substantial and deserve further investigation before making a
definitive recommendation on an optimal control strategy for kudzu.
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Chapter 3: The Effects of Kudzu Invasion and Management Methods on Soil Nitrogen Dynamics

Abstract. Restoration efforts in temperate forest are known to have effects on the plant
communities. In this study, we measure the effect different management strategies have on the nitrogen
content of previously kudzu invade soil in a temperate forest. Kudzu, Pueraria montana, is a N-fixing
vine classified as an invasive species. The vine creates symbiotic relations with rhizobium in the soil to
increase the available nitrogen in the soil. We measured soil from active infestation sites, managed sites,
control sites where kudzu had never been present. Soil was tested for inorganic nitrogen (NH4+,NO3-, and
NO2-) and rates of microbial interactions (net N mineralization and net nitrification). Results showed the
forest soil was highly affected by rainfall during collection seasons. There were no significant interactions
between management type and measure of nitrogen. Heavy rainfall can stimulate the rate of
denitrification and leaching which may be the reason for the lack of pattern between our variables. We
believe longer investigations of these sites is needed to accurately observe if the different methods effect
the level of nitrogen in the soil.
Key words. Nitrogen fixation, Microbial interactions, Invasive vine, Restoration efforts
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Introduction. Invasive species have well documented direct and indirect effects on plant
communities, soil biogeochemistry, and ecosystem functions (Weidenhamer and Callaway 2010, Perry et
al. 2010, Vitousek et al. 2002, Emery et al. 2013, Hickman and Lerdau 2013). Biogeochemical processes
are known to differ within the soil beneath different native plant species (Finzi et al.1998). Invasive
species, however, may significantly alter the nutrient cycling pathways in a system, disrupting native
plant growth and reproduction (Evans et al. 2001). The nitrogen cycle is easily altered by the presence of
an invasive species, regardless of if the species is a nitrogen fixer or not (Hicks 2004). Studies have found
when comparing plots of invasive plant species and native species, the plots with the invaders had higher
rates of mineralization and nitrification (Ehrenfeld et al. 2001). Leicht-Young et al. (2009) also showed
higher net N mineralization rates in sites invaded the ornamental invasive vine, bittersweet, than those
without. Invasive species that do fix nitrogen cause similar, if not worse, effects on the nitrogen cycle
(Malcom et al. 2008, Marchante et al, 2008, Forseth and Innis 2004).
Although relatively few studies have investigated long-term effects of invasive plants on soil
properties, some studies suggest that alterations to the nitrogen cycle may persist long after removal of the
invader. The nitrogen fixer Robina pseudoacacia (black locust) invades nutrient limited environments,
increasing soil N, and displacing native species (Malcom et al. 2008). After black locust removal, soil
nitrogen and net mineralization rates returned to pre-invasion levels after 2 years, although net
nitrification rate remained elevated up to 34-fold (Malcolm et al. 2008). Other studies have shown that the
duration of invasion by a nitrogen fixing plant is related to the persistence of altered N pools and
microbial processes in the soil (Marchante et al. 2008). Areas invaded by Acaia longifolia for 20 years or
more showed slower recovery of nutrient pools after Acacia removal than areas invaded for 10 years or
less (Marchante et al. 2008).
The methods by which invasive species are removed may also affect the way soil processes
recover. Two common methods of removing invasive plants are prescribed burning and herbicide
applications. Fire may increase pools of ammonium and nitrate within the soil and in turn increase rates of
mineralization and leaching (Covington and Sackett, 1986; Johnson and Curtis, 2001; Wan et al., 2001).
Although these effects are often transient, lasting only a year in many cases (Covington and Sackett 1984,
Grove et al. 1980 Knoepp and Swank 1993, Baldwin and Morse 1994, Kaye and Hart 1998, Lynds and
Baldwin 1998), some studies show elevated soil nitrogen as long as 10 years after burning (Johnson and
Curtis 2001). Herbicides also tend to increase soil N availability, allowing net N mineralization rates to
increase and microbial uptake of inorganic N, known as immobilization, to slow (Vitousek and Matson
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1985, Vitousek et al. 1992). These effects may last up to 5 years after herbicide application (Vitousek et
al. 1992). However, long term (>10 years) effects have rarely been investigated.
In this chapter, I examine the effects of the invasive N-fixing legume Pueraria montana and
techniques for its management on soil nitrogen pools and microbial nitrogen metabolism. This species
was used to improve soil quality of agricultural fields not long after its first introduction in 1876 due to its
high rate of nitrogen fixation (Yang et al. 2014). P. montana’s ability to fix up to 235 Kg of
nitrogen/ha/year (Hickman et al. 2010) makes its potential impact on soil nutrient dynamics greater than
that of most other invasive species and gives it a greater advantage over native plant species (Bruijin
2015). Kudzu increases NH4+ levels, indirectly increasing the net nitrification of invaded sites and, in
turn, creating excess the NO3- pools (Hickman and Lerdau 2013).
This work was conducted in the same sites that were surveyed for plant diversity in Chapters 1
and 2. I asked if the presence of P. montana altered N availability in the soil of infested sites compared to
that in uninfested control sites, and whether these effects persisted after kudzu density was reduced by
application of three different management treatments. This chapter predicts the following: 1) The sites
infested with kudzu and the sites where kudzu was treated will have a larger amount of inorganic nitrogen
and higher rates of net N mineralization and nitrification than never infested control sites; 2) The sites
where kudzu was removed with prescribed burning will show higher levels of net N mineralization and
nitrification compared to the other methods of removal because they were treated most recently. I
compared control and infested sites to determine the degree of soil nitrogen enrichment produced by
kudzu and used the managed sites to estimate the rate at which levels of soil nitrogen return to preinfestation levels after kudzu removal.

Methods. STUDY SITE. The study was conducted on the Holly Springs National Forest in Benton,
Marshall, and Yalobusha counties in central Mississippi. The original date of introduction of P. montana
to this area is unknown, but management has been attempted since at least 1980 in some locations of the
forest (L. Walton, Personal Communication). The forest is dominated by Loblolly pine (Pinus taeda)
plantations and managed for industrial forestry.
I collected the soil in 22 sites, 3 currently infested with P. montana that have never received
treatment, 4 control sites never infested with P. montana, and 15 sites in which kudzu control had been
attempted by prescribed burning, herbicide application, or a combination of methods (Table 3.1). I studied
5 sites that were recently burned, 5 sites treated with herbicide during the 1990’s, and 5 sites receiving a
combination of both prescribed burn and herbicide (combination sites) (Table 3.1). The prescribed burn,
herbicide, and combination sites were treated at different times; herbicide sites were treated with
clopyralid 41% solution (Transline®, Dow Chemical) in the early 1990’s but exact dates of initial
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herbicide treatment were not available. For the purposes of this study, I assumed that initial herbicide
treatment occurred in 1990. Combination sites were sprayed at the same time as herbicide sites but were
re-treated at varying times due to kudzu regrowth. Two combination sites were burned in 2006 while the
other three were burned in 2009, 2010, and 2015. Prescribed burn sites were treated once in 2016 (Table
2.1).

SOIL COLLECTION AND PREPARATION. Soil was collected in 4 control and 3 infested sites three
times during the 2017, 2018, 2019 growing season, in May, July, and September. Soil was sampled in the
15 managed sites during May, July, and September of the 2019 growing season. The soil was collected at
three randomly selected locations within each plot. All collections were made using a 10 cm deep soil
corer. The litter layer was first removed and then the corer was pushed into the earth. The soil from each
core was placed in a polyethylene bag and kept at 4°C until it could be analyzed in the lab. Soil was
collected at least 24 hours after any major precipitation event to reduce the effect of enhanced microbial
activity (Paul and Clark 1996). Samples were kept at 4°C and processed within 2 days of collection. In
the laboratory, soil was air-dried at 23°C and run through a 2-mm sieve to eliminate any invertebrates,
large roots, or rocks. The samples were again placed in plastic bags and kept cool until further analysis.

INORGANIC N POOLS. Inorganic nitrogen was calculated by measuring and placing 5g (+/- 0.05g)
of the prepared soil in a polyethylene container .25 ml of a 0.01 M KCl (Hatton and Pickering 2015)
solution was added to each sample, which were then placed on a shaker for one hour and left to settle for
an additional hour. After the soil had settled, the solution was filtered with #42 Whatman paper into glass
flasks. The filtered KCl extractions were frozen until NO3- /NO2- -N and NH4+ -N could be estimated using
a spectrophotometer. Ammonium, nitrate, and nitrite ions were assayed using Spectroquant test kits for
each ion (Merck, Darmstadt, Germany). Nitrate samples were tested for chloride concentration prior to
analysis, and all were found to be within acceptable limits.

NET N MINERALIZATION AND NET NITRIFICATION. Following the methods of Hickman and
Lerdau (2013), 5g of soil from each sample was measured and placed in a sealed mason jar for 14 days.
After the incubation period was complete, KCl extraction was performed as described above
(AgroEcoLab UMD 2016). The extractions were again measured using the spectrophotometer and
recorded as post-incubation data. The NH4+and NO3- concentrations were added together for preincubation and post-incubation estimates to obtain the total inorganic N pool (Hickman and Lerdau 2013).
The net N mineralization was calculated by:
Pre-Incubated N pool – Post-Incubated N pool
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To obtain net nitrification the NO3- and NO2- concentrations were added for pre-incubation and postincubation measurements. The net nitrification was then calculated as:
Pre (NO3-+ NO2-) - Post (NO3-+ NO2-)

STATISTICAL ANALYSIS. All measures of nitrogen in control and infested sites from 2017, 2018
and 2019 were compared by Linear Model (LM) using the R package lme4 version 1.1-21 to fit the
models and the package car, version 3.0-6 to perform a type III anova to test significance of the factors.
Managed sites fell into three distinct categories (single prescribed burn, single herbicide
application, combination burn + herbicide; Table 1). I compared the managed sites to the control sites and
the infested sites with the data from 2019, using Analysis of variance. This test was done using only 2019
data sets and were run using R package car, version 3.0-6.

Results. INFESTED VS CONTROL SITES. Standing soil nitrate pools differed significantly between
control and kudzu infested sites, while ammonium and nitrite pools showed no significant difference
between treatments (Table 3.2). Standing pools of nitrate were significantly higher in the infested sites
than the control ( (Figure 3.1). Levels of all three inorganic ions differed significantly among years
(Table 3.2), with ammonium and nitrite pools being significantly higher in 2019 than 2017 or 2018, while
nitrate pools were significantly higher in 2017 than in 2018 or 2019 (Figure 3.2A, B, C).

Figure 3.1. The amount of nitrate measured in control and kudzu infested sites in Holly Springs National
Forest. Nitrate levels were significantly higher in the infested sites than the control, p<0.01.
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Figure 3.2. All measure of nitrogen availability in control and infested sites collected in 2017, 2018 and
2019. A. Levels of ammonium were significantly higher in the 2019 collection year, p<0.001. B. Levels
of nitrate were significantly higher in the 2017 collection year, p<0.01. C. Levels of nitrite were
significantly higher in the 2019 collection year, p<0.05. D. Rates of net N mineralization were not
significantly different between collection years, p>0.05. E. Rates of net nitrification were significantly
higher in the 2019 collection year, p<0.001.
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Nitrite and nitrate levels showed significant seasonal variation, while ammonium did not differ
significantly across seasons (Table 3.1). Nitrate levels were significantly higher in the summer than the
spring and fall, while nitrite levels were significantly lower in the spring and summer compared to the fall
(Figure 3.3B, C). No two-way interactions between treatment and year or treatment and season were
significant for any of the three inorganic ion measures (Table 3.1). Rates of net nitrification and net
nitrogen mineralization were not significantly different in kudzu-infested and control sites (Table 3.1).
Net nitrification levels were significantly higher in 2019 than in than 2017 or 2018 (Figure 3.2E) and net
N mineralization was significantly lower in spring than in summer and fall (Figure 3.3D), but no other
effects were significant.

Table 3.1. Effects of kudzu infestation, year, and season on soil nitrogen availability in sites on Holly
Springs National Forest, Mississippi, 2017-2019.

Variable Error
df
NH4+ 55

Treatment

Years

Season

Treatment x

Treatment

(df=1)

(df=1)

(df=2)

Years

x Season

(df=1)

(df=2)

1.836

7.95**

7.261

0.796

0.215

55

4.951*

36.876***

7.066**

2.527

1.041

55

0.115

5.332*

4.37*

0.116

1.231

Net N 55

0.123

0.953

5.521**

0.3115

1.596

0.012

12.512***

0.7583

0.7962

0.215

NO3

-

NO2

-

Mineralization
Net Nitrification 55

***:P > 0.001, **:P >0.01, *:P > 0.05
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Figure 3.3. All measure of nitrogen availability in control and infested sites collected in spring, summer,
and fall. A. Levels of ammonium were not significantly different between seasons, p>0.05. B. Levels of
nitrate were significantly lower in the spring, p<0.01. C. Levels of nitrite were significantly lower in the
spring, p<0.05. D. Rates of net N mineralization were significantly lower in the spring, p<0.01. E. Rates
of net nitrification were not significantly different between seasons, p>0.05.
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IMPACTS OF MANAGEMENT TECHNIQUES. When all 15 managed sites were considered, there was
no significant effect of time since most recent kudzu removal for any measure of nitrogen availability (P
=0.998). During 2019, control, infested and managed sites did not differ significantly in any of the three
inorganic ion pools, net nitrification, or net mineralization (Table 3.2). However, all 5 measures showed
significant seasonal variation (Table 3.2). Ammonium and nitrite were significantly higher in the fall
than in spring or summer while nitrate was significantly higher in spring and summer than fall (Figure
3.4A, B, C). Net N mineralization was significantly lower in spring and summer than in fall, while net
nitrification was significantly higher in fall than in spring or summer (Figure 3.4D, E). No interactions
between treatment and season were significant except for net nitrification (Table 3.2). Net nitrification in
infested sites was significantly higher in summer than in spring or fall, while no other measure of nitrogen
varied significantly across seasons displayed higher rates (Table 3.2).

Table 3.2. Effects of kudzu infestation and three control treatment (prescribed burning, herbicide,
combination of both) on measures of nitrogen availability in sites on Holly Springs National Forest,
Mississippi over three seasons during 2019.

Variable Error
df

Treatment

Season

Treatment

(df=4)

(df=2)

x Season
(df=8)

+

51

1.619

7.201**

0.493

-

51

0.380

85.905***

0.759

NO2- 51

1.618

132.337***

1.627

Net N Mineralization 51

0.552

36.000***

0.584

Net Nitrification 51

0.893

86.830***

4.003**

NH4

NO3
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Figure 3.4. All measure of nitrogen availability in control, infested, and managed sites collected in spring,
summer, and fall. A. Levels of ammonium were significantly higher in the fall, p<0.01. B. Levels of
nitrate were significantly spring and summer, p<0.001. C. Levels of nitrite were significantly higher in the
fall, p<0.001. D. Rates of net N mineralization were significantly lower in the spring, p<0.001. E. Rates
of net nitrification were significantly higher in the fall, p<0.001.
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Discussion. Nitrate levels differed significantly between infested and control sites, a result
consistent with additional nitrogen fixation by kudzu root symbionts in infested sites. The similarity of
ammonium and nitrite levels between control and infested sites is likely due to their rapid conversion to
nitrate via nitrification, (Ehrenfeld 2003, Chapin et al. 2002). Nitrate may accumulate in soils unless
oxygen levels are low enough to promote denitrification (Chapin et al. 2002), but soils on the study site
are generally porous (Kushla and Oldham 2020), favoring oxidizing rather than reducing conditions.
Microbial activity as measured by rates of nitrogen mineralization and net nitrification did not differ
significantly between infested and control sites, indicating that the rate of nutrient input from litter
decomposition was likely similar in control and infested sites (Ehrenfeld et al. 2001). Although kudzu is
noted for its dense canopy (Forseth and Innes 2004), our control sites were forested, and we suspect that
both control and infested sites provided ample litter subsidies to soil microbes. Our results for inorganic
ions are consistent with those of previous studies. Hickman et al. (2010) also reported significantly
greater levels of nitrate but not ammonium in kudzu-invaded sites. However, we found no difference in
net mineralization and net nitrification, while Hickman et al. (2010) found significantly higher rates in
kudzu-invaded than control sites. This difference may be attributable to differences in the vegetation on
control and invaded sites in the two studies. As noted above, our control sites were forested while those
in the previous study were either open field, shrubby, or abandoned pasture (Hickman et al. 2010).
Litterfall and nutrient subsidies to the microbial community were likely more similar in our sites than in
the previous study.
No measure of nitrogen availability or microbial metabolism differed significantly among control,
infested, or managed sites during 2019. This is somewhat surprising given the wide variation in kudzu
cover (0-97%, Chapter 2), tree density, and elapsed time since treatment for kudzu (Table 2.1). We
expected kudzu infested sites to have significantly higher nitrogen levels than all other sites, and a gradual
decline toward control levels in managed sites with elapsed time since treatment. Prescribed burn and
combination sites might have been expected to have higher levels than herbicide sites since prescribed
burning is known to increase net mineralization, commonly driving increases in NH4+and NO3(Covington and Sackett 1984, Grove et al. 1986, Knoepp and Swank 1993, Baldwin and Morse 1994,
Kaye and Hart 1998, Lynds and Baldwin 1998). However, this increase is relatively transient, lasting
only up to a year, and our surveys of these sites occurred 3 years after treatment, making it unlikely that
burn-driven increases in mineralization would have affected nitrogen levels.
One reason for the similarity in nitrogen availability among treatments may be that none of the
management methods resulted in complete removal of kudzu. Kudzu cover ranged from 4-22% in the
three management treatments and varied widely among sites within treatments (Chapter 2). The
combination of continuing nitrogen enrichment and high variance may have obscured small differences in
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nitrogen measures among the 5 treatments. A second reason for a lack of variation in nitrogen measures
may be that nitrogen is rapidly leached from soil in our study area. Rainfall records from 1995-2014 at
Batesville, centrally located in Holly Springs National Forest, indicate a mesic environment with mean
annual rainfall of 1242 ± 323 mm (NOAA). Soils in the study area are classified as upper thick loess or
upper coastal, which are highly porous and homogenized (Kushla and Oldham 2020). The combination
of ample rainfall and well-drained soils may have allowed for rapid leaching of excess nitrogen inputs,
even in sites with active kudzu infestations. While the high proportion of weedy species in the understory
community (Chapter 1, Chapter 2) may have rapidly drawn down soil nitrogen in managed sites, this
would only promote similar levels in managed and control sites, not those actively infested with kudzu.
Since there were no differences among the 5 treatments, we believe that rapid leaching and high site-tosite variance are the most likely explanations for the results.
In contrast to the lack of treatment effects, all measures of nitrogen availability exhibited
significant annual and seasonal variation. Annual variation in measurements on infested and control sites
from 2017-2019 closely correspond to variation in rainfall over the same period. Annual rainfall at Enid
Dam on Holly Springs National Forest increased monotonically from 1204mm in 2017 to 1919 mm in
2019 (NOAA), meaning that nitrate concentrations were significantly higher at the drier, and ammonium
and nitrate levels, as well as net nitrification rate, were higher at the wetter end of this period.
Nitrification rates are increased in well drained soils (Greenland 1958, Hickman et al. 2010) which could
explain why the nitrate levels were greater during the dry periods. In contrast, wet periods increase rates
of denitrification relative to nitrification as well as leaching, resulting in lower levels of soil nitrogen,
especially nitrate (Greenland 1958).
Nitrate concentrations declined from spring to fall during 2019 while ammonium, nitrite, net
mineralization, and net nitrification all increased from spring to fall. Seasonal variation in nitrogen
availability generally tracks plant and microbial metabolism, falling during winter when plants are
dormant and low temperatures decrease microbial activity, and increasing during warm months (Taylor et
al. 1982, Drake et al. 2013). High nitrate levels early in the growing season appear inconsistent with the
expectation of low early-season microbial metabolism but may be due to early initiation of microbial
activity prior to the first sampling period in May. In warm temperate Mississippi the growing season may
begin as early as March, and as much as two months may have elapsed before our sampling occurred in
May. Since any ammonium accumulated through mineralization during winter would be available to soil
microbes by early spring, significant nitrification may have driven the accumulation of nitrate prior to our
samples. This would also be consistent with the relatively low ammonium and nitrite concentrations seen
in our initial samples.
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A second possible explanation for low ammonium:nitrate ratios in our May samples may be high
rates of immobilization due to an increase in microbial biomass as temperatures rise during spring. May
mineralization rates were negative in all samples, suggesting that immobilization was the dominant
microbial activity at this time. Microbes typically consume ammonium in greater quantities than nitrate,
which is consistent with higher nitrate than ammonium concentrations. High rates of immobilization in
early spring may have also reduced availability of inorganic nitrogen, which would be consistent with
reduced early-season nitrification rates.
Overall, the data indicate that nitrogen enrichment by kudzu is essentially transient and has little
residual impact on inorganic ion concentrations or microbial processes 3 years after application of
management treatments. However, we caution that this may be partly due to the relatively high rainfall
during 2019, when managed sites were sampled. Although the length of the study was not sufficient to
establish a clear relationship, nitrogen availability and microbial metabolism appeared to track rainfall.
Under drier conditions in which nitrification is favored over denitrification and less leaching of nitrogen
occurs, measures of nitrogen may well remain elevated for longer periods of time. Given the generally
mesic environment in our study we suggest that nitrogen enrichment by kudzu is unlikely to be great
enough or persistent enough to significantly affect plant community characteristics in southern mixed
forest, and that negative impacts of kudzu on invaded plant communities are primarily a function of
intense light competition (Chapter 1).
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Chapter 4: Modeling the efficacy and cost of Pueraria montana control strategies in Oak-Pine
forests of the southern United States

Abstract. This study examined the effect of management on established kudzu, Pueraria
montana var. lobata, populations in a southern upland forest. Using the modeling platform created by
Auambout and Endress (2018) in NetLogo, I was able to model the management of kudzu in Holly Spring
National Forest. Models of established populations were managed with either the herbicide Escort
(metsulfuron methyl) or prescribed burning. I investigated the efficacy and cost of prescribed burning and
herbicide treatment to identify strategies that produced desirable outcomes while estimating the costs. The
model suggests active management is required regardless the goal of the mangers. Data shows monetary
trade-offs between repeated treatments of herbicide prescribed burning. Repeating applications of
herbicides may result in eradication of kudzu, while repeatedly burning kudzu may help restore the native
community.
Keywords. Kudzu, NetLogo, Invasive Species management, Spatial Modeling
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Introduction. There are currently an estimated 50,000 alien invasive species in the United States,
a number that is rapidly increasing (Pimentel et al. 2005). These species are a significant economic
burden to the U.S. economy, costing at least $120 billion per year, with invasive plant species
representing approximately a quarter of the total (Pimentel et al. 2005). Identification of efficient and
cost-effective control strategies for invasive plants is thus an urgent priority. While control or eradication
of newly introduced plant species can be relatively straightforward, control of establish invaders often
requires species-specific information on biology, distribution, potential for spread, impacts of infestation,
and cost of different control options (Simberloff 2003).
One of the most notorious invaders of temperate forests of the United States is kudzu (Pueraria
montana var. lobata), a semi-woody, perennial climbing vine. Native to southern China, kudzu was
introduced to the U. S. at the 1876 Centennial Exposition in Philadelphia (Miller and Edwards, 1983;
Everest et al., 1991). It currently infests approximately 3 million hectares across the southern and eastern
states, with a distribution centered in Mississippi, Alabama, and Georgia (Forseth and Innes 2004,
Lindgren et al. 2013). Kudzu is known to have serious impacts on native plant communities through
direct competition and by altering the nitrogen cycle (Lindgren et al. 2013 Forseth and Innis 2004).
Kudzu spreads primarily through vegetative budding at nodes and is capable of spreading by at a rate of
50,000 hectares a year (Foresth and Innis 2004, Lindgren et al., 2013). The combined cost of kudzu
through losses to economic activity and control measures in the U.S. forestry, railroads, agriculture, and
powerline industries likely exceed $1 billion per year (Lindgren et al. 2013).
Kudzu is widely distributed in upland oak-pine and oak-hickory forests of the southern United
States (GBIF.org 2021). These forests occupy approximately 7 million hectares in the states of
Mississippi and Alabama and provide large amounts of merchantable timber to corporate forests and
small landowners (Hartsell and Cooper 2013, Oswalt 2015). Despite its potential for serious economic
damage, kudzu infestations in upland mixed forests are often patchy and limited primarily to disturbed
areas and may be amenable to control or local eradication (Everest et al. 1991, Miller 1986, Weaver et al.
2016). However, control measures such as herbicides and burning may require repeated application
(Davis and Funderburk 1964; Miller and Edwards 1983) and the optimal strategy for treating infestations
over large areas remains unclear.
In this study I use species distribution modeling (SDM) to investigate the efficacy and cost of
kudzu control in northern Mississippi. I employ a species-specific model developed for kudzu
(Aurambout and Endress 2018) to investigate its potential future distribution given a range of values for
developmental, reproductive, and dispersal variables, as well as a variety of management strategies. This
approach offers greater precision and predictive ability at the local to regional level than studies
employing large scale bioclimatic models such as CLIMEX and MAXENT, which work well at regional
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to global scales (Follak 2011, Bradley et al. 2010, Geerts et al. 2016, Jarnevich and Stohlgren, 2009). I
then use predicted kudzu distributions to model future control costs for a range of management scenarios
in an effort to identify effective management strategies to reduce or eliminate kudzu infestations in upland
mixed-oak forests and estimate their costs.

Methods. MODELING ENVIRONMENT. This study uses the modeling platform NetLogo, a userfriendly multi-agent programmable environment (Wilensky 1999). The program has a GIS extension
which allows the read-in and output of spatial data along with actual landscape data from the United
States National Land Cover Dataset (NLCD) (Jin et al. 2013). Aurambout and Endress (2018) created a
kudzu-specific model using NetLogo that allows the users to easily visualize model outputs while having
the ability to change model parameters during simulations. Their model incorporates previously
documented life history characteristics and management strategies of kudzu. Table 4.1 shows a summary
of the important variables used in the model. Unlike Aurambout and Endress (2018), I did not include any
seed production variables because kudzu in our study region does not flower or produce seeds. For a more
detailed explanation of each variable, refer to Aurambout and Endress (2018).
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Table 4.1. Local and global model variables used in kudzu management model (Aurambout and Endress
2018).
Variable

Description

Carrying Capacity

Maximum biomass of kudzu
that can grow at a specific
location
Delay to Adulthood
Number of years required for
Kudzu to reach adult stage
Fresh Seeds *
Number of fresh seeds present
in the patch
Seed Bank *
Number of seeds in the seed
bank of a patch
Seedlings
Number of seedlings in the
patch
Saplings
Number of saplings in the patch
Adults
Number of adults in the patch
Germination Rate *
Germination rate of seeds in the
patch
Seed Production *
Number of seeds produced in
each patch
Life Stage Specific Biomass
Total biomass of seedlings,
saplings, or adults in the patch
Management
Array of values containing: 1).
The year; 2). Month; 3). Week
when management started; 4).
The recurrence in years that the
management is applied; 5). The
target life stage; and 6). The
destruction success
Cost
The cost in dollars of managing
kudzu
Life Stage Specific Reference
Average Biomass of a kudzu
Biomass
seedling, sapling, or adult plant
Fraction of seed bank available
Proportion of seeds present in
for germination *
the seed bank germinating each
year
Life Stage Specific Disease and Specific death rate of seeds,
Predation Rate
seedling, saplings, or adults
associated with predation and
disease
Life Stage Specific Sprouting
Average number of vegetative
Rate
sprouts produced by each
sapling or adult
Prop Adults Moving Out
Proportion of adult plant in cell
which can send saplings in
neighboring cells
*: Target population does not produce seed, omitted from model
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Level of Relevance of the
Variable
Specific to each land use type

Specific to each land use type
Specific to each pixel
Specific to each pixel
Specific to each pixel
Specific to each pixel
Specific to each pixel
Specific to each pixel
Specific to each pixel
Specific to each pixel
Specific to each pixel

Specific to each pixel
Identical for all pixels
Identical for all pixels

Identical for all pixels

Identical for all pixels

Identical for all pixels

MODEL STRUCTURE. The spatial data read-in has specific variables associated with each patch
(each location of infestation). Within each patch, population demographics such as germination, death,
reproduction, and transitions between life stages are simulated. The model is able to distinguish between
seeds, seedlings and saplings that can spread by vegetative reproduction, and adult plants that can spread
both vegetatively and by seed. It also simulates plant dispersal while simulating the impact on the plant
population from different types of management strategies. Management strategies (fire or herbicide) are
specified by the user, and costs associated with each strategy are calculated by the model. (Aurambout
and Endress 2018).
The model platform has a map interface that users can interact with to visualize the landscape of
choice. Users can initialize infestations of kudzu and specify management zones within those infestations.
The platform also includes an interface for parameter input that controls initialization of the infestation.
Each pixel chosen for infestation inputs 100 seedlings. Users can then observe kudzu transition between
four life stages, seed, seedling, saplings, and adult after the population is initialized. Once the model has
been run, all data is exported to any GIS supported software (Aurambout and Endress 2018).

STUDY SITE. I modeled the spread of kudzu starting from 10 sites on the Yalobusha unit of the
Holly Springs National Forest in northern Mississippi known to have past or current kudzu infestations
(Profetto and Howard, in review)” (Table 2.1). The model used land-use data from 2016 National Land
Cover Data, NLCD. The raster file was clipped using Qgis and exported into an ASCII file. The data set
consisted of a portion of Holly Springs National Forest, Yalobusha unit, in northern Mississippi. The
ASCII file was 211 X 313 cells, or patches, with origin coordinates of x=562,245 and y=1,239,140 at a
resolution of 30m. The file shows a total of 9576.26 ha of land in the Holly Springs National Forest.

PARAMETERS INVESTIGATED. I investigated 6 different management scenarios, applied to 2
different kudzu life history patterns differing in their rate of spread. In each case I first initialized 10
kudzu populations located in the 10 kudzu study sites in Holly Springs National Forest. For each site only
one cell was chosen, initiating 100 seedlings to spread. A baseline infestation for simulation was created
by running a “No Management” scenario, which allowed kudzu to spread unchecked for 25 years. This
was done using 2 possible kudzu life history characteristics to be considered during this run. The
characteristics are “No Seed” (NS) which allows vegetative spread of kudzu by adult plants only, and
“Early Spread and No Seed” (ESNS) which allows vegetative spread by both adult and sapling plants.
Populations that lack sexual reproduction or that experience resource limitation due to shading spread
relatively slowly (Forseth and Innis 2004) and the NS life history appears to fit the Holly Springs
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National Forest populations well. However, less light restricted populations may allow faster growth and
I modeled the ESNS life history for comparison.
Management scenarios employing herbicide used the function “Auto-management” which
automatically assigns an herbicide treatment method recommended for the specific land-use type found in
the infestation. Herbicides available in the model include Escort (metsulfuron methyl), Dow Tordon K
(picloram), Dow Tordon 101 (picloram + 2,4 D), Veteran 720 (2,4 D + dicamba), DuPont Oust
(sulfometuron methyl + metsulfuron methyl), Transline (clopyralid), and Elanco Spike 80 DF
(tebuthiuron). Costs for herbicide treatment or prescribed burning in the model are pre-specified but may
be modified to reflect changes in herbicide prices and labor costs over time and in different localities. We
compared pre-set costs in the model to those cited in Grebner et al. (2011) and to current costs for
herbicides (Forestry Suppliers, Jackson, Mississippi; Forestry Distributing, Boulder, Colorado, Chemical
Warehouse, Linn Creek, Missouri, USA) and for labor costs obtained from representatives from agencies
in Mississippi using herbicides or prescribed burning or control of invasive species. We estimated
herbicide costs for the maximum recommended application rate specified by the manufacturer. We found
generally good agreement between default herbicide costs (combined cost of herbicide and labor for
application) specified in the model and current range of costs for the seven herbicide options and elected
to use program defaults for herbicide treatment costs. The default cost of prescribed burning was set at
$70/hectare, which was at the high end of the estimates we received from agencies ($25-70). Since labor
costs are likely to increase with inflation over time, we decided that the default cost, though relatively
high, would be a realistic baseline for the near future and again elected to use the program default cost for
prescribed burning.
After allowing the initial infestation to establish for 25 years, management scenarios employing
either herbicide or fire to treat the infestations were tested over another 25 year-period. Each management
scenario was run against the NS life history and the ESNS life history. The “Auto-Management” function
was set at 95% destruction success to parallel the most productive scenario from the Aurambout and
Endress (2018) study. Three different frequencies of management were chosen: a single treatment,
retreatment at 2-year intervals, and retreatment at 5-year intervals. A second set of models employed fire
as the management method. The destruction success was set at 80% to simulate a low intensity burn and
frequency of management was again either a single treatment or retreatment at either 2- or 5-year
intervals. Each test was also run using the NetLogo tool “Behavior Space” which allowed models to be
run for 30 iterations to account for stochasticity within the demographic and dispersal portions of the
model (Aurambout and Endress 2018).
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STATISTICAL ANALYSIS. The area infested by kudzu and the cumulative cost of control under
each management scenario was compared by One-Way ANOVA (analysis of variance) using the R
version 3.5.0 package dypler version 1.1-21 (R Core Team, 2018). The costs of control for each
management type were also compared using One-way ANOVA using the R package dypler.

Results. INITIAL SPREAD UNDER NO MANAGEMENT SCENARIO. The NS life history scenario
resulted in significantly lower area covered after 25 years of unconstrained growth compared to the ESNS
scenario (p<0.001) (Figure 4.1). The NS scenario, which included spread only by adult plants, resulted in
coverage of 15 ± 2 hectares, while the ESNS scenario, including spread by both saplings and adults,
resulted in coverage of 135 ± 3 hectares.

Figure 4.1. Box plot of initial area covered by kudzu after 25 years under no management, for 2 life
history scenarios (see text for details).
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MANAGEMENT WITH EARLY SPREAD AND NO SEED PRODUCTION (ESNS SCENARIO). In all
herbicide management scenarios, the model selected Escort as the most appropriate treatment. Herbicide
treatment with Escort produced significant differences in area covered by kudzu among treatment
frequencies (p<0.001). Over 25 years of application, retreatment at 2-year intervals resulted in
significantly lower coverage by kudzu than a single treatment or retreatment at 5-year intervals (Figure
4.2). However, none of the repeated treatments of herbicide resulted in eradication of kudzu. In fact, all
herbicide treatments allowed continued spread of kudzu beyond the initial infested area (Figure 4.2). A
single herbicide application resulted in a nearly 4-fold increase in kudzu coverage to 443±2 hectares
while re-treatment at 5-year intervals resulted in kudzu cover of 246±2 hectares and 2-year intervals still
resulted in cover of 178.22±1.78 hectares after 25 years. Costs of herbicide management showed
significant differences between all application frequencies. The single herbicide treatment had the lowest
cumulative cost, averaging $4,086±5 United States Dollars (USD) (Figure 4.3). Re-treatment at 2-year
intervals had the greatest cumulative cost, averaging $30,610±4 USD (Figure 4.3).

Figure 4.2. Total area covered by kudzu after 25 years of varying frequencies of herbicide treatment,
assuming a life history including early spread and no seed production.
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Figure 4.3. Cumulative costs of kudzu management after 25 years of varying frequencies of herbicide
treatment assuming an early spread and no seed production scenario.

The frequency of prescribed burning also resulted in significantly different kudzu coverage after
25 years of treatment (p<0.001). After 25 years of prescribed burning, area of kudzu coverage was
significantly lower after retreatment at 2-year intervals than after a single application or retreatment at 5year intervals. (Figure 4.4). As with herbicide treatments, none of the burn intervals resulted in reduction
in the area of kudzu coverage. Even burning at 2-year intervals only maintained kudzu at 226±2 hectares
after 25 years while the other two treatments allowed the infested area to grow to over 250 hectares.
Overall, prescribed burning produced significantly higher kudzu coverage after 25 years than did
herbicide treatment (p<0.001). Although a single burn and re-burning at 2-year intervals produced levels
of cover comparable to those in herbicide treatments at the same intervals, burning at 5-year intervals
allowed expansion of kudzu to 362±3 hectares. The cost of prescribed burning was much greater than
that of the herbicide treatments (p<0.001). The single burn treatment mean total cost was $29,442±2
USD, which was significantly lower than costs for re-treatment at 2-year and 5-year intervals (p<0.001)
(Figure 4.5). The 2-year application frequency had the greatest management cost, with a mean total of
$171,450±2 USD (Figure 4.5).
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Figure 4.4. Total area covered by kudzu after 25 years of varying frequencies of prescribed burning,
assuming a life history including early spread and no seed production.

Figure 4.5. Cumulative costs of kudzu management after 25 years of varying frequencies of prescribed
burning, assuming an early spread and no seed production scenario.
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MANAGEMENT WITH NO EARLY SPREAD AND NO SEED PRODUCTION (NS SCENARIO). Under the
NS scenario, herbicide treatment with Escort resulted in significantly different areas covered by kudzu
after 25 years of management at all three treatment intervals (p<0.001). Retreatment at 2-year intervals
resulted in significantly lower coverage of kudzu compared to a single treatment or retreatment at 5-year
intervals (Figure 4.6). A single treatment of herbicide resulted in the area covered doubling to a mean
total 31±1 hectares, while retreatment every 5 years-maintained kudzu cover at essential constant levels
(16±3 hectares) and retreatment every 2 years reduced coverage to a mean total of 2.79±0.84 hectares
(Figure 6). No treatment entirely eradicated kudzu in any model run, although treatment at 2-year
intervals reduced cover by a minimum of 67% in all runs (Figure 4.6). The cumulative costs of herbicide
also differed significantly among all three treatments (p<0.001). Cost was lowest for a single treatment,
with a mean total cost of $3139±4 USD, while the cumulative cost was highest for re-treatment at 2-year
intervals, at 27,424±2 USD (Figure 4.7).

Figure 4.6. Total area covered by kudzu after 25 years of varying frequencies of herbicide treatment
assuming a life history including no early spread and no seed production.
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Figure 4.7. Cumulative costs of kudzu management after 25 years of varying frequencies of herbicide
treatment assuming no early spread and no seed production

Under the NS scenario prescribed burning resulted in significantly lower overall kudzu coverage
than comparable frequencies of herbicide application (p<0.001) and was achieved with a lower cost of
treatment. Different frequencies of prescribed burning also resulted in significantly different kudzu
coverage after 25 years of treatment (p<0.0001). After 25 years of prescribed burning, area of kudzu
coverage was significantly lower with 5-year burn intervals (10.08±1.71 hectares) than after a single burn
(23.58±1.64 hectares), while retreatment at 2-year intervals produced significantly lower cover than the
other treatments (4.77±1.02 hectares) (Figure 4.8). However, none of the burn intervals resulted in
eradication of kudzu. The cost of prescribed burning was much greater that of the herbicide treatments
cost (p<0.001). The single burn treatment cost was $3,742±2 USD, which was significantly lower than
the cost of burning at 2-year and 5-year intervals (p<0.001) (Figure 9). The 2-year application frequency
had the greatest costs management, with cumulative cost of $14,512±1 USD (Figure 4.9).
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Figure 4.8. Total area covered by kudzu after 25 years of varying frequencies of prescribed burning,
assuming a life history including no early spread and no seed production.

Figure 4.9. Cumulative costs of kudzu management after 25 years of varying frequencies of prescribed
burning assuming no early spread and no seed production.
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Discussion. The results indicate that kudzu life history is of overriding importance in determining
the outcome of control efforts. The model indicates that neither herbicides nor prescribed burning is likely
to decrease the area of kudzu infestation, regardless of treatment interval, if the population is capable of
early spread. Control of kudzu appeared possible only if early spread from seedlings and saplings did not
occur (NS scenario), and only with frequent prescribed burning or herbicide treatments. The only
instance in which coverage of kudzu was significantly reduced from the starting point was through either
burning or application of Escort at 2-year intervals under the NS scenario. In habitats in which sexual
reproduction, allowing even greater rates of spread than those modeled in this study, our results suggest
that neither prescribed burning nor herbicide treatment alone is likely to effectively control the spread of
kudzu.
The model outcomes in this study were dependent on the specific options selected for burning
and herbicides and would likely differ if other options were selected. The 80% kill rate of prescribed
burning in this study was consistent with the results of low intensity prescribed burns typically used on
National Forest lands. Higher kill rates and greater control of kudzu would be attainable with higher
intensity burns, but these would have potentially negative impacts on the surrounding environment. High
intensity burns may damage or destroy native plant species and commercial timber, as well as reducing
viability of seeds in soil (Kennard et al. 2002). High intensity burns also degrade soil structure while
increasing nutrient availability, potentially facilitating growth of weedy or invasive species (Kennard and
Gholz 2001). Although high intensity burning may be more effective in controlling or reducing kudzu
cover it carries tradeoffs that are likely unacceptable in many forestry applications.
The selection of Escort as the herbicide of choice in this study carries with it a number of
advantages specific to loblolly pine plantation forestry. Escort is recommended for southern pine
plantations because it has little or no effect on loblolly pine (Miller 1990) and is readily broken down in
soil (Fischer and Michael 1994) with few effects on the microbial community (Baeva 2000). It is also a
cost-effective option for use on both new and established kudzu infestations (Grebner et al. 2011), but
may require relatively high application rates (Miller 1988). However, other herbicides may outperform
Escort in some circumstances. Tordon 101 and Tordon k are regarded as superior for control of kudzu
patches older than 10 years (Miller 1988, 2006). Veteran 720 has been shown to be less effective at
controlling kudzu but is recommended if being used in sites near water (Miller 2006). Transline has been
used in previous control programs on Holly Springs National Forest (L. Walton, personal
communication). Transline is less effective than Escort in treating established infestations but does have
low toxicity in the soil (Miller 2006, McFalls et al. 2015). Based on these results, we believe that future
control programs in southern upland forests may find significant advantages to using Escort as the
herbicide of choice except in special circumstances.
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The results of kudzu control efforts on the Holly Springs National Forest suggest that herbicides
may potentially achieve greater reduction in cover than suggested by the model outcomes. In this study,
single herbicide treatments using Escort failed to significantly reduce kudzu cover in NS scenarios, and
although biennial treatment reduced kudzu cover to low levels, it was not eradicated in any model run. In
contrast, in 5 sites receiving a single treatment with Transline in the 1990’s, mean kudzu cover was 6 ±
15.6% with 3 of 5 sites having no detectable regrowth more than 20 years after treatment (Chapter 2).
This suggests that kudzu populations on Holly Springs N.F. are well modeled by the NS scenario of
relatively low rates of spread and may be amenable to eradication in some cases. Although it is not clear
what combination of factors may have resulted in effective suppression of kudzu by a single application
of Transline, it appears that the model may underestimate the level of control possible with herbicides.
Model results for prescribed burning appear to correspond more closely to actual experience on
Holly Springs. N. F. In 5 sites experiencing a single prescribed burn in 2016, kudzu cover after 3 years
had recovered to 22.6 ± 35.4% after 3 years (Chapter 2). This level of recovery after a single prescribed
burn is consistent with the gradual expansion of kudzu infestation after a single prescribed burn as
modeled in the NS scenario.
Estimates of cost for prescribed burning and herbicide treatment are dependent on numerous
assumptions such as cost of herbicides, application rate, method of treatment (air vs manual application)
and local labor costs, and relative costs for a given treatment scenario may thus vary widely. The model
default costs are based on estimates from a variety of sources, generally published prior to 2010
(Aurambout, personal communication) but these proved generally consistent with current cost estimates.
Costs of herbicide treatment in the model were approximately 2.5 times higher than costs of prescribed
burning; Escort application cost was estimated at $178 per hectare, while costs for prescribed burning
were estimated at $70 per hectare. In the ESNS scenario herbicides suppressed kudzu more effectively
than burning, leading to smaller areas requiring re-treatment over time and lower cumulative costs. In
contrast, prescribed burning generally led to stable or increasing kudzu coverage over time, leading to
stable or escalating costs for each treatment and higher cumulative costs. In the NS scenario both burning
and herbicide application at 2-year intervals effectively reduced kudzu cover and in this case burning had
a lower cumulative cost. However, lower cost alone may not be sufficient to favor prescribed burning
over herbicide application. Due to the impacts of smoke on health and visibility, prescribed burns may
only be permitted under highly restrictive weather conditions on a limited number of days per year
(Waldrop and Goodrick 2012, Chiodi et al. 2018). Prescribed burns also pose a risk of escape and
although rare (Dether and Black 2006) damage from fires that escape containment may inflict serious
damage and pose liability issues (Yoder 2008). Finally, prescribed burns may not achieve desired results
due to topography and weather, requiring repeated burning and increasing costs. Herbicides can be
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applied under a wide range of environmental conditions and can be precisely targeted to infested areas,
reducing actual area requiring treatment. Although the model results suggest that prescribed burning may
have lower costs, the greater flexibility and precision of herbicides may outweigh cost in selecting kudzu
control strategies.
Although this study only observed the use of herbicides and prescribed burning, there are other
management methods for kudzu populations in the United States. Traditionally, kudzu was used as food
for livestock, coincidently, constant grazing is one way to keep small populations reduced (Forseth and
Innis 2004). The combination of grazing by livestock and manual cutting of kudzu populations for many
years can eradicate populations, although it is not the most time efficient and only works with isolated
populations (Forseth and Innis 2004). The use of several biocontrols have been tested on invasive
populations of kudzu. Kudzu is known to attract several insects that consume the seeds of kudzu
(Lindgren et al. 2013). However, most populations in the United States do not produce viable seeds due to
potential genetic variations (Pappert et al. 2000). Therefore, the use of these seed predator insects would
not be a reliable biocontrol. There are reports of 18 insect species that feed only on kudzu leaves. One
species is reported to cut back the biomass by about 33% (Zhang et al. 2012). These measures may be
more cost effective but are labor extensive, have unforeseen results, and may not be the most dependable
methods.
Our analysis of kudzu control in southern upland forest suggests that repeated burning and
herbicide treatments can be equally effective at reducing cover in slow-growing kudzu populations, but
relatively ineffective in fast-growing populations. While both methods can be effective, the decision of
which to use depends on the specific goals of the control program. If the primary goal is simply
suppression or eradication of kudzu then either herbicide application (flexible and targeted but more
expensive) or burning (less expensive but subject to more constraints on use) may be preferred.

If the

goal includes community restoration as well as removal of kudzu then prescribed burning, although
riskier and more labor-intensive, may be preferred due to its favorable effects on plant communities
recovering from kudzu invasion (Chapter 2).
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